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1. INTRODUCTION 
 
The geological record of carbonatites, i.e. igneous rocks dominantly composed of 
carbonates, testifies to mechanisms in the upper mantle that concentrate volatiles (CO2, 
H2O, F) and generally incompatible elements (rare earth elements (REEs), P, Nb, Ta). 
Carbonatitic melts have a low viscosity and low density, causing them to rise rapidly from 
the mantle to shallow crustal levels without significant assimilation of crust (Genge et al. 
2005, Ernst and Bell 2010, Jones et al. 2013). Because they are so different from any other 
rocks, carbonatites have attracted a vast body of petrological research during the last 
century and forward, following the realization that they are indeed of igneous origin. 
However, the importance of carbonatites extends beyond that of an exotic petrological 
peculiarity. Carbonatitic melts have, for example, been suggested to pool below continental 
rifts, where they are thought to metasomatize the lithospheric mantle and lower the melting 
point of peridotites, aiding in the generation of basaltic fissure swarms and alkaline magmas 
(e.g. Wallace and Green 1988, Jones et al. 2013), and therefore facilitate the breakup 
process of continents (Daniels et al. 2014). Indeed, a large portion of the ~500 known 
carbonatite occurrences are found in past to presently active continental rifts commonly 
associated with basaltic dike swarms or alkaline rocks (Woolley and Kjarsgaard 2008). 
Most carbonatite bodies are either dominantly calcic (calciocarbonatites) or magnesian 
(magnesiocarbonates), contributing c. 60% and 40% respectively of known carbonatite 
occurrences on Earth (Woolley and Kempe 1989). Ferrocarbonatites constitute an 
uncommon iron-rich subset of carbonatites, hosting the iron carbonates siderite, or more 
commonly, ankerite as major phases (Gittins and Harmer 1997, Le Maitre 2005).  
Carbonatites can be formed through various different mechanisms, e.g. by small degree 
partial melting of metasomatized peridotites (Koster van Groos 1975) or eclogites (Yaxley 
and Brey 2004),  liquid immiscibility from an alkaline silicate melt (Koster van Groos and 
Wyllie 1968, Freestone and Hamilton 1980, Lee and Wyllie 1997, Weidendorfer et al. 2017) 
and purely metasomatic carbo-hydrothermal processes (Mitchell 2005). Further, the 
peculiar physical and chemical properties of carbonatites cause a very different carbonatitic 
magma evolution from that of silicate magmas. The high volatile content and low viscosity 
of carbonatitic magmas causes rapid element transport and thus high reaction rates in a 
crystallizing magma (Jones et al. 2013). Re-equilibration and replacement of primary 
minerals in response to changing chemical and physical conditions can be induced by 
! 5!
multiple magma pulses,  crystal fractionation and interaction with internal and external 
fluids as well as the wall rock (Wyllie 1965, Gittins 1979; Andersen 1984; Dawson et al. 
1987). Fenite aureoles in country rock surrounding some carbonatite intrusions imply the 
escape of volatiles and alkalis, suggesting together with often observed cumulate textures  
that the primary composition of a carbonatitic magma is seldom preserved (Andersen 
1989). The interpretation of carbonatite textures is further complicated by the high 
susceptibility of carbonatites to post-magmatic alteration caused by subsolvus exsolution, 
low-P-T ductile deformation, reworking by hydrothermal, or more correctly, carbo-
hydrothermal fluids and weathering (Wyllie 1965, Chakhmouradian et al. 2016a, 2016b). 
Together, magmatic and post-magmatic processes can cause great heterogeneity even on a 
sample scale. It is therefore crucial to be able to discern between primary and secondary 
processes. Without such knowledge, there is a risk of misinterpreting textural features and 
mixing up different chemical signals. 
Well known occurrences of ferrocarbonatite include an intrusive ankerite-hematite body at 
Fen, Norway (Andersen 1984, 1987, 1989), the type locality of fenite, and ankerite-
magnetite dikes of Swartbooisdrif in South Africa which have provided isotopic evidence 
for the existence of primary ferrocarbonatitic magmas (Thompson et al. 2002, Drüppel et 
al. 2006). The 1.3 Ga Grønnedal-Íka alkaline igneous complex (Fig.1), South Greenland, 
hosts a well studied calciocarbonatite body (Callisen 1943, Emeleus 1964, Gill 1972, 
Morteani et al. 1986, Bedford 1989, Pearce et al. 1997, Taubald et al. 2004, Halama et al. 
2005), but a proper assessment of the co-existing siderite ferrocarbonatite has been lacking 
because of poor surface exposure and weathering (Emeleus 1964).  
In the present study, this problem is overcome by studying material from previously 
inaccessible drill cores from the complex.  The aim of the work is two-fold: 1) To use the 
Grønnedal-Íka as a natural laboratory in order to study the subsolidus evolution of 
ferrocarbonatites by identifying primary and secondary geochemical signals in the trace 
element chemistry of magnetite, calcite, siderite and ankerite, and 2) to identify the 
formation mechanism of a high-grade magnetite mineralization in the Grønnedal-Íka 
ferrocarbonatite. Mineral chemical data is acquired by laser ablation inductively coupled 
mass spectrometry (LA-ICP-MS), which provides means to study the mineral chemistry in 
a textural context. Combined with a textural analysis, the mineral chemical data shows that 
a cross-cutting basaltic dike intrusion has acted as a driving force of carbo-hydrothermal 
fluids, causing extensive alteration of primary siderite and calcite in the ferrocarbonatite.  
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Figure!1.!Simplified) geological)map) of) the)Grønnedal4Íka) alkaline) igneous) complex.)Modified) after) Emeleus)(1964))and)Pearce)et)al.)(1997).! 
 
!
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Figure! 2.) Position) of) the) R,) S) U) and) X) cores) relative) to) the) slightly) SW) dipping) 55) m) wide) basaltic) dike.)Positions)of)the)studied)samples)are)shown.)The)X)core,)which)was)drilled)c.)100)m)to)SE)from)the)location)of))R,)S)and)U)(Appendix)A))has)been)projected)onto)the)same)plane)as)R,S)and)U.)Modified)after))Bondam)(1992).! 
 
 
2. GEOLOGICAL SETTING 
 
2.1. The Gardar rifting episode 
The Gardar episode of South Greenland comprises at least two main phases of continental 
rifting between c. 1.31-1.14 Ga, recorded by 10 alkaline igneous complexes, extensive 
basaltic dike swarms and faulting (Upton and Emeleus 1987, Upton et al. 2003, Upton 
2013). A virtual absence of post-Gardar tectonic activity in the area has preserved a shallow 
section of the failed rifting event in remarkably good condition (Upton et al. 2003, Upton 
2013). Some authors have connected Gardar to the temporally coinciding and 
geochemically similar dike swarms in North America and Central Scandinavia, hinting at a 
large scale Mesoproterozoic break-up of the supercontinent Columbia (Upton et al. 2003, 
Bartels et al. 2015, 2016).  
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The Gardar rifting seems to exploit an older geological boundary between the South 
Greenland Archaean craton to the north and the Paleoproterozoic Ketilidian mobile belt to 
the south with the Grønnedal-Íka alkaline complex intruding the Archaean foreland side of 
the Ketilidian orogeny (Chadwick and Garde 1996, Garde et al. 2002, Upton et al. 2003). 
!
2.2. Grønnedal-Íka alkaline complex 
The Grønnedal-Íka alkaline complex marks the earliest evidence of Gardar magmatism 
(Upton et al. 2003). The syenites of the complex have been recently 87Rb/87Sr dated at 
1314±14 Ma by Stockmann et al. (in preparation), which is in accord with a previously 
published age of 1311±23 Ma, recalculated after Blaxland et al. (1978) using the revised 
87Rb decay constant of Villa et al. (2015) (Stockmann et al. in preparation).   
The complex comprises a suite of layered nepheline syenites punctuated by a late-stage 
xenolithic syenite and finally a steep sided central carbonatite plug (Fig. 1) (Emeleus 1964). 
The syenites marginal to the carbonatite have been metasomatized by carbonatite derived 
fluids (Bedford 1989). The originally subcircular complex has been deformed into its 
present, elongated shape by faulting which was accompanied by the intrusion of 
lamprophyres, trachytes and phonolites (Emeleus 1964, Gill 1972, Coulson et al. 2003) and 
volumetrically significant basaltic dikes, named "brown dikes" (BD) by Wegemann (1938), 
which belong to the regional Gardar aged dike swarms (Emeleus 1964, Bartels et al. 2015 
and 2016).  
The strikes of the basaltic dikes change from E-N for the first generation BD0 dikes to 
NE-SW for BD1 and BD2 dikes, possibly recording a rotation of the prevalent stress field 
during the Gardar episode (Emeleus 1964). The BD0 dikes have been dated at 1284-
1279±3 Ma (Upton 2013), while the BD1 and BD2 have been shown to correlate with the 
Timmiarmiit dikes in Southeast Greenland with an age of 1277-1268±4 Ma (Bartels et al. 
2016). The 55 m thick olivine-bearing basaltic dike which is penetrated by the drill cores 
used in this study (Fig. 2) belongs to the BD1 generation. 
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2.3. Grønnedal-Íka carbonatites 
The c. 1x3 km carbonatite body of Grønnedal-Íka is dominantly calciocarbonatitic, with 
subordinate silicocarbonatites and siderite and magnetite bearing ferrocarbonatites 
(Emeleus 1964, Bedford 1989, Goodenough 1997, Taubald et al. 2004). Emeleus (1964) 
and Bedford (1989) report abundant xenoliths of the surrounding syenites and gneisses and 
flow-banding within the carbonatites. The magnetite grade and an accompanying magnetic 
anomaly both increase towards contacts with cross-cutting dikes (Emeleus 1964, Bedford 
1989, Bondam 1992), leading Emeleus (1964) to propose that siderite in the carbonatites 
was replaced by magnetite as a result of contact metamorphism. 
Taubald et al. (2004) and Halama et al. (2005) provided isotopic and trace element data to 
support the formation of the Grønnedal-Íka carbonatite by liquid immiscibility from a 
common parental melt to the nepheline syenites. Such petrogenetic model, however, does 
not immediately explain the formation of the siderite ferrocarbonatite, which seems to 
mainly occupy the central part of the carbonatite body (Emeleus  1964). 
 
3. METHODS 
 
3.1. Sampling 
The material used in this study comes from six drill cores drilled by the Danish 
Kryolitselskabet Øresund A/B in 1950 (Bøgvad 1951). The cores were drilled in order to 
evaluate the iron ore potential of the magnetite-rich carbonatite, found in proximity of 
basaltic dikes that cut the Grønnedal-Íka complex. The full c. 750 m of drill core is 
presently stored in a cold storage in Kangerlussuaq, Greenland, maintained by the Mineral 
License and Safety Authority of Greenland. The c. 100 drill core samples available for the 
present study were acquired from Kangerlussuaq by G.Stockmann and E.Tollefsen in 2014. 
A total of 60 thin sections were prepared by Vancouver Petrographics Ltd. Together, the 
thin sections span the lithological variation of the carbonatitic drill core material and trace 
an 88 m long profile from the basaltic dike margin into the carbonatites (Fig. 2). An 
additional 12 thick sections (300 !m) were prepared at the University of Helsinki. In 
addition, 26 polished half-core samples were available for this study, prepared and 
described by Ranta (2015). 
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Table 1: Sample list         
   
Magnetite Carbonates Carbonates 
Sample ID Rock type Distance from dikea LA-ICP-MS LA-ICP-MS WDS only 
R22b CCB 0 x 
  X4 CCB 0.07 x 
 
x 
U3 CCB 0.24 x x 
 X5 CCB 0.94 x 
 
x 
R14b SCB 2.17 
   U4 CCB 2.50 x 
  U5a SCB 4.57 x 
  R13 SCB 6.18 x 
 
x 
R10 SCB 13.91 
 
x 
 R24 SCB 18.67 x x 
 R6 SCB 19.52 
 
x 
 R25 SCB 20.84 
 
x 
 U12 SCB 36.29 x x 
 U15 SCB 42.66 
 
x 
 R29 SCB 43.49 
 
x 
 U18 SCB 59.2 
 
x 
 U19b SCB 67.65       
SCB = Siderite carbonatite, CCB = calcite carbonatite. 
   a Recalculated as perpendicular distance from dike margin from the drill hole data (Appendix A) assuming a vertical dike. 
b No quantitative analyses. 
! ! ! ! 
 
3.2. Cathodoluminescence microscopy (CL) 
Cathodoluminescence was examined at the University of Helsinki with a Lumic HC5-LM 
hot-cathode CL stage coupled to a customized optical microscope and a digital camera. 
Electron gun voltage and filament current was tuned to achieve optimal luminescence 
intensity and minimum beam damage, with typical values of 8 kV and 0.05 mA 
respectively. A hot-cathode stage was opted for instead of a cold-cathode equivalent 
because it enables imaging of weakly luminescent materials and shortens the exposure 
times by a factor of 10-100. The trade-offs are less sharp images, because luminescence is 
activated over the whole thickness of a thin section, and possible beam damage on the 
sample, especially on the edges of a thin section where the epoxy used for mounting can be 
impaired.   
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3.3. Electron-probe microanalysis (EMPA) 
Mineral major element compositions were analyzed at the University of Helsinki using a 
JEOL JXA-8600 Superprobe instrument upgraded with SAMx hardware and the 
XMAs/IDFix/Diss5 analytical and imaging software package. The microprobe is equipped 
with an energy dispersive spectrometer (EDS) and four wavelength-dispersive 
spectrometers (WDS). The EDS was used for phase recognition and a qualitative 
identification of variations in major element concentrations. 
For magnetite, EDS was operated at 15 kV acceleration voltage, with a beam current of 10 
nA. The WDS analysis on magnetite was performed at 15 kV acceleration voltage and a 
beam current of 15 nA with a focused beam with a diameter of c. 3 !m. 
For carbonates, several WDS test runs were made to optimize the calibration. During a test 
run of calcite, Ca readings increased during measurement time, possibly due to diffusion of 
CO3
- caused by a high energy density electron beam on the sample surface. A similar but 
smaller Ca increase was displayed during reading of ankerite, while siderite produced stable 
signals during all test runs. Stable settings were achieved for 15 kV acceleration voltage and 
10 nA beam current, with a 20 !m defocused beam. EDS was operated at 15 kV 
acceleration voltage and 2 nA beam current in order to prevent beam damage on the 
sample. 
The standard measurements were made with the following setups (element/peak/ 
crystal/standard): 1) Ca/Kα/PET/calcite, Fe/Kα/LIF/hematite, Mg/Kα/TAP/dolomite, 
Mn/Kα/LIF/rhodonite, Ba/Lα/PET/barite, Sr/Lα/TAP/celestite, Na/Kα/TAP/albite 
for the carbonates, and 2) Mg/Kα/TAP/periclase, Si/Kα/TAP/plagioclase, Ca/Kα/ 
PET/almandine, Ca/Kα/PET/plagioclase, Ti/Kα/LIF/rutile, Cr/Kα/LIF/Cr2O3 
(synthetic), Mn/Kα/LIF/rhodonite, Fe/Kα/LIF/hematite, Ni/Kα/LIF/nickel silicide, 
Zn/Kα/LIF/willemite for magnetite.  
 
3.4. Laser ablation inductively coupled mass spectrometry (LA-ICP-MS) 
The trace element concentrations in magnetite, calcite, siderite and ankerite-dolomite were 
analyzed with a LA-ICP-MS system at the University of Helsinki. The setup comprises a 
Coherent GeoLas Pro MV 193 nm excimer laser ablation system coupled to an Agilent 
7900s quadrupole inductively coupled plasma mass spectrometer.  
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The laser system ensures a well-controlled cylindrical beam with no significant sample 
heating. Laser energy density of 10 J/cm2 was used for magnetite and 7 J/cm2 for the 
carbonates. During analysis, the laser was focused on, or close to spots previously analyzed 
by WDS. For magnetite, a 30 !m thin section was generally sufficiently thick to give a > 
20s signal (Fig. 3a).  
Carbonates are ablated more easily, hence requiring the use of 300 !m thick sections to 
allow 50s ablation signals (Fig. 3b). The resulting ablation pits were c. 100 !m deep in 
calcite and between 40-80 !m in ankerite and siderite. 
The USGS GSE-1G reference material (Jochum et al. 2005) was used as an external 
standard for both magnetite and the carbonates for all elements except for Cl, Br and I, 
which were standardized against the natural scapolite standard Sca-17 (Guillong et al. 
2008b, Seo et al. 2011). The Fe concentration, as measured by WDS, was used as an 
internal standard for magnetite and siderite, and Ca for ankerite-dolomite and calcite. Beam 
diameters between 16-60 µm were used for magnetite, depending on grain size. For the 
generally larger carbonate crystals, a 60 µm beam was used for almost all spots. 
Argon (Ar) plasma gas flux was set to 15 L/min. Helium (He) was used as a carrier gas 
with a flux of 1.0 L/min. The Ar auxiliary gas was set to 0.85 L/min. The ICP-MS system 
was calibrated daily to maximize signal-to-background ratios, minimize oxidation (ThO/Th 
< 0.5%) and optimize ablation, transport and plasma conditions (U/Th = 1.00±0.02).  
For magnetite, the measured masses were 24Mg, 27Al, 29Si, 31P, 34S, 42Ca, 45Sc, 47Ti, 51V, 55Mn, 
56Fe, 57Fe, 59Co, 66Zn, 69Ga, 88Sr, 90Zr, 93Nb, 178Hf, 181Ta, 182W and 208Pb, all with dwell times 
of 10 ms. For the carbonates, two separate element menus were analyzed. Menu 1: 23Na, 
24Mg, 29Si, 31P, 34S, 43Ca,  44Ca, 45Sc, 55Mn, 56Fe, 57Fe, 88Sr, 89Y, 137Ba, 139La, 140Ce, 141Pr, 145Nd,  
146Nd, 147Sm, 151Eu, 157Gd, 159Tb, 161Dy, 165Ho 166Er, 169Tm, 172Yb, 175Lu and 208Pb with 10ms 
dwell times for all masses with the exception of 20ms for Eu-Er, and 30ms for Tm and Yb. 
Menu 2: 24Mg, 31P, 35Cl, 43Ca,  44Ca, 51V, 55Mn, 56Fe, 57Fe, 59Co, 62Ni, 63Cu, 66Zn, 81Br, 88Sr, 
93Nb, 107Ag, 111Cd, 121Sb, 127I, 137Ba, 181Ta, 232Th and 238U. Dwell times were 10ms for all 
elements except 20ms for Nb, Ta, Cl, Br and 30ms for I. 
The LA-ICP-MS data was reducted using the SILLS software package (Guillong et al., 
2008a), which calculates the limits of detection at a 95% confidence level using Eq. (6) 
from Pettke et al. (2012). 
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Figure!3.)Time4resolved)LA4ICP4MS)count)rate)spectra)of)selected)elements)for)typical)mineral)analyses.)Time)intervals)used)for)quantification)are)indicated)by)the)green)part)of)the)mineral)signals)A))Small)beam)size)(24)μm))used) for) a) small)magnetite) grain) (mag109)) results) in) a) quickly) decaying) signal.) Two) apatite) inclusions)(grey)arrows))are)ablated,)but)only)affect)the)43Ca)and)31P)signals,)which)would)be)disqualified)selectively)from)the)analysis.)A)columbite4tantalite) inclusion)is)hit)at)68s,)marking)the)end)of)usable)signal.)Mounting)glass) is)reached)after)20s)of)mineral)ablation.)A)Nb4rich)(11955)ppm))magnetite)in)CCB4X5.)B))Good)signal)of)a)REE4rich)calcite)(ΣREE=10831)ppm))in)CCB4U3)(cal96).)The)high)counts)of)88Sr,)137Ba,)139La,)151Eu,)175Lu)and)31P)are)stable) and) show) no) signs) of) inclusions.) The) 23Na) signal) is) stable,) but) shows) slight) fractionation,) increasing)relative)to)the)other)elements)towards)the)end)of)the)ablation. 
 
3.5. Data quality analysis 
Because LA-ICP-MS analyzes orders of magnitude larger volumes and the resulting signal 
can be inspected for non-homogeneities (Fig. 3), the mineral chemical data analyzed by 
LA-ICP-MS can generally be regarded as more reliable than the WDS-EPMA data. This is 
especially true for elements close to the detection limit of WDS. Nonetheless, 
quantification of the LA-ICP-MS signal requires calibration by an independently measured 
element concentration, which in this study has been measured by the WDS. 
Comparison of elements that were quantified by both WDS-EPMA and LA-ICP-MS 
provides an independent quality check for the mineral chemical data, because optimally, 
both methods should provide the same results. Deviations from a 1:1 correlation can result 
at least from 1) defects in either apparatus, 2) compositional inhomogeneity or porosity in 
the sample, 3) contamination of either signal by micro- or nanoinclusions, or 5) erroneous 
standard readings in either apparatus. 
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The measured Mn and Mg concentrations approximate a 1:1 correlation (Fig. 4), indicating 
that the WDS-measured Ca and Fe concentrations, which are used as internal standards in 
the quantification of the LA-ICP-MS signals, are relatively reliable. Similar trends are seen 
for Al and Ti in magnetite and Sr in calcite, although Ti is highly erroneous at low 
concentrations (< 0.2 wt.%) and slightly higher Sr concentrations are measured by LA-
ICP-MS. A known inhomogeneity in the in-house Fe standard (hematite) used for WDS 
could cause the large spread in the Fe measurements in calcite. 
Notably, the LA-ICP-MS analyses of magnetite generally err on the side of higher 
concentrations for all elements and all concentrations. Most likely explanation for the bias 
is that the Fe contents as measured by WDS are too high. Because Fe is used as the internal 
standard for the LA-ICP-MS data, and acts as a scaling factor, a similar error would then be 
introduced in all element concentrations. 
Indeed, the measured totals in magnetite generally exceed 100 wt.%, with averages ranging 
from 103-104.5 wt.%. Thus, the magnetite data analyzed by the LA-ICP-MS is expected to 
be 3-4 wt.% too high for all elements. 
However, because the ultimate cause for these discrepancies cannot be known with 
confidence, and in order to retain the integrity of the data, no error correction is made for 
the magnetite data presented here. Further, a possible error of 3-4 wt.% can be considered 
acceptable because the variation for many trace- and minor elements in magnetite spans 
several orders of magnitude. 
The quality of the magnetite LA-ICP-MS data was further assessed by fractionation factor 
analysis with an in-house calculation program based on the method of Fryer et al. (1995). 
Such analysis can disqualify elements from an individual analysis affected by e.g. 
compositional zoning or inclusions (Fig. 3). In the present work, a fractionation of < 20% 
during signal time, corresponding to a similar variation is concentration, is deemed 
acceptable as such error margins are considerably less than the variation of several orders 
of magnitude between samples for many elements and do not effect the conclusions drawn 
thereafter. 
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Figure!4.)Comparison)between)EPMA4WDS)and)LA4ICP4MS)data)for)selected)trace)elements)in)magnetite)and)calcite.) Same) spots) were) analyzed) by) both) methods.) The) diagonal) line) marks) an) optimal) 1:1) correlation)between)the)two)methods.)A)general)bias)toward)higher)values)in)the)LA4ICP4MS)analyses)indicate)a)possible)systematical)error)in)the)Fe)and)possibly)Ca)standard)readings)in)the)EPMA.)
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)
Figure!5.) Three) stages) of) siderite) alteration)A)) Unoxidized) siderite.) Abundant)microfractures) and) subgrain)rotation) (white) arrow)) visible) through)misoriented) lamellar) twins.) Plane) polarized) light) (PPL))micrograph)mosaic.)B)) Siderite)with)magnetite4hematite) oxide) rims.)Reflected) light) (RL))micrograph)mosaic.)C))Heavily)altered) siderite.)Only) fragments) remain) of) former) siderite,)which)has)been) replaced)by)magnetite,) hematite)and)ankerite.)Secondary)siderite)and)calcite)are)present)at)the)margins)of)the)primary)siderite,)separated)by)a)rim) of) dolomite) (darkest) grey)) and) ankerite.) Back4scattered) electron) (BSE)) image.) Abbreviations:) ank) =)ankerite,)ap)=)apatite,)brt)=)barite,)cal)=)calcite,)dol)=)dolomite,)F4carb)=)fluorocarbonate,)hem)=)hematite,)mag)=)magnetite,)sd)=)siderite,)str)=)strontianite. 
! !
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!
Figure.! 6.) Alteration) of) siderite) in) the) siderite) carbonatites.) A,) B,) E) and) F) are) BSE) images,) C) and)D) are) RL)micrographs.)A)) Unoxidized) siderite.) The) interstices) between) tightly) packed) siderite) crystals) are) filled)with)chlorite,) strontianite,) ankerite) and) traces) of) K4feldspar.) The) grain) boundaries) of) siderite) show) dissolution)textures) against) the) matrix.) B)) Siderite) with) magnetite) and) hematite) rims.) Arrow4formed) zoned) ankerite)grows) outward) from) siderite.) C)) Magnetite) in) a) siderite) rim) (brownish) grey)) and) hematite) oxy4exsolution)(bright)grey))D))Siderite)rim)with)magnetite,)which)has)been)partly)oxidized)to)hematite.)Magnetite)within)the)siderite) has) been) preserved) from) oxidation.) E)) Magnetite4ankerite) pseudomorph) after) siderite.) Note) tight4packed)magnetite)on) the)edges)of) the)pseudomorph.)F)!Magnetite4ankerite)pseudomorph)after) siderite.)The)rhombohedral)crystal)form)of)original)siderite)has)been)preserved.)Abbreviations:)ank)=)ankerite,)ap)=)apatite,)brt) =) barite,) cal) =) calcite,) chl) =) chlorite,) F4carb) =) fluorocarbonate,) hem)=) hematite,) Kfs) =)K4feldspar,)mag) =)magnetite,)sd)=)siderite,)sph)=)sphalerite,)str)=)strontianite. 
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4. PETROGRAPHY 
 
4.1. Nomenclature  
The International Union of Geological Sciences (IUGS) classifies igneous rocks with modal 
amounts of more than 50 vol.% carbonate minerals and less than 20 wt.% SiO2 as carbonatites 
(Le Maitre 2005). Almost all of the samples studied in the present study conform to this broad 
classification. The carbonatites are further divided into calcio-, magnesio- and ferrocarbonatites, 
determined by the molar proportions of bulk CaO, MgO and FeO respectively. In the IUGS 
classification, a ferrocarbonatite is defined as a carbonatite where, in wt.% oxides: 
CaO / (CaO+MgO+FeO*+MnO) < 0.8   and   MgO < (FeO* + MnO) 
and FeO* = FeO + 0.899 Fe2O3. 
However, because of the intrinsic heterogeneity of carbonatites, a strictly chemical classification 
is often of limited use (Mitchell 2005, Chakhmouradian et al. 2016a). Alternative mineralogical 
and genetic classifications for carbonatites have been proposed by Woolley and Kempe (1989) 
and Mitchell (2005), and a modified chemical classification for ferrocarbonatites by Gittins and 
Harmer (1997) based on molar proportions. 
To simplify the discussion on the Grønnedal-Íka carbonatites and to avoid genetic 
insinuations, a mineralogical classification is adapted in the present work and a line is 
drawn between two main types: calcite carbonatite (CCB), where calcite is the dominant 
carbonate mineral (calcite:iron carbonates > 95%) and siderite virtually absent, and siderite 
carbonatite (SCB), which is here used loosely to incorporate a range of samples where 
siderite is or has been present from 5 to > 50 vol.% (Fig 5). 
To illustrate the ambiguity in the classification of the Grønnedal-Íka carbonatites, it is noted that 
some of the studied calcite carbonatite samples (e.g. samples CCB-U3 and CCB-U4) contain 
enough magnetite to qualify as ferrocarbonatites according to the chemical classification of 
IUGS. Conversely, some siderite carbonatite samples include so little siderite and other iron 
bearing minerals (e.g. SCB-R29), that they would be termed as calciocarbonatites. Furthermore, 
in some siderite carbonatite samples siderite is virtually absent (e.g. SCB-U5a), but its former 
presence is indicated by magnetite, ankerite and calcite filled pseudomorphs (Fig. 6f). 
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4.2. Siderite carbonatite (SCB) 
All of the siderite carbonatites samples contain the following major phases: siderite, FeCO3, 
ankerite-dolomite-kutnohorite, Ca(Fe,Mg,Mn)(CO3)2, calcite, CaCO3, strontianite, SrCO3, 
magnetite, Fe3O4, and apatite, Ca5(PO4)3(F, OH, Cl). The proportions of these phases vary 
greatly from sample to sample. Common minor phases include fluorocarbonate aggregates 
of bastnäsite, (LREE)CO3F, parisite, Ca(LREE)2(CO3)3F2 and synchysite, 
Ca(LREE)(CO3)2F, monazite, (REE,Y,Th)PO4, hematite, Fe2O3, sphalerite, ZnS, pyrite, 
FeS2, albite, NaAlSi3O8, Fe-chlorite, Fe6(Si,Al)4O10(OH)8. More sporadically found trace 
minerals include galena, PbS, chalcopyrite, CuFeS, thorite, ThSiO4, K-feldspar, KAlSi3O8, 
quartz, SiO2, columbite-tantalite, (Fe,Mn)(Nb,Ta)2O6 and pyrochlore, (Ca,Na)2(Nb, 
Ti)2O6F. Siderite is generally the most abundant iron-bearing carbonate mineral, varying 
from c. 5 to > 50 vol.%. It is present as sub- to euhedral, 0.5-5 mm single crystals, or 
aggregates of several such crystals. Lamellar twinning is common but not always present. In 
hand sample, unaltered siderite is fractured and pale yellow, but becomes less transparent 
and dark grey where rich in magnetite inclusions and iron-bearing microveins. 
The alteration of siderite into magnetite and ankerite-dominated pseudomorphs has been 
conserved in the samples through many steps between unaltered and completely altered 
siderites (Figs. 5 and 6). The degree of siderite alteration correlates with distance from the 
dike contact. Completely unaltered siderite is only found at a distance of >30 m, 
represented by sample SCB-U18 (Figs. 5a and 6a). In contrast, completely altered siderite is 
found close to the dike, where its former presence is only indicated by its preserved 
rhombohedral crystal form (Fig. 6d-f) in magnetite-ankerite pseudomorphs.  The alteration 
process is accompanied by oxidation of the siderite (see discussion in section  6.1). No 
correlation is observed between the abundance of siderite itself and distance from the dike. 
A first oxidation stage is exemplified by the SCB samples U12, U15, R24 and R25, where 
most of the siderites have a rim of magnetite-hematite (Figs. 5b, 6b-d and 7). This 
magnetite has been further oxidized to hematite present as oxy-exsolution lamellae (Fig. 6c) 
caused by oxidation along crystallographic axes (Haggerty 1976). In contrast, magnetite 
within the siderite crystals, found in inclusion pockets together with ankerite and dolomite, 
has been preserved from further oxidation to hematite (Fig. 6d). In some samples, siderite 
is oxidized directly into characteristic, needle-like hematite. Siderite with oxide rims is 
commonly mantled by a c. 50 µm thick zoned rim of magnesian, manganoan and/or 
ferrous ankerite.  
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Figure! 7.!Alteration) assemblage) associated)with) iron) oxide4rimmed) siderite.)A)) A) secondary) association) of))strontianite) (blue4red),) apatite) (white4grey),) fluorocarbonates) (dark,) dendritic) growths) with) red) rims),)ankerite) (dark) orange)) associated)with) calcite) (yellow4orange)) and) oxidized) siderite) (non4luminescent)with)green)spots).!CL)micrograph.)B)!Same)view)in)PPL.)Abbreviations:)ank)=)ankerite,)ap)=)apatite,)cal)=)calcite,)F4carb)=)fluorocarbonate,)hem)=)hematite,)mag)=)magnetite,)sd)=)siderite,))str)=)strontianite.)
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!
Figure!8.!Apatite4rich)secondary)mineral)assemblage.!Sample)SCB4U12a)is)dominated)by)a)secondary)mineral)assemblage)of)apatite)(pink4white),)strontianite)(blue)or)blue4red),)fluorocarbonates)(black)angular)forms)with)brown) edges,) often) intergrown) with) strontianite),) barite) (non4luminescent) large) form) in) the) center) of) the)image)with)green)spots),)calcite)(bright)orange))and)ankerite)(dark)red,)lower)left))and)in)this)sample,)K4feld4spar)(pale)brown,)left)of)barite).)Siderite)is)non4luminescent)(lower)left)and)upper)right)corners).)CL)mosaic.!The) field)of) view) is)15x7.5)mm.)Abbreviations:) ank)=) ankerite,) ap)=) apatite,) brt)=)barite,) cal)=) calcite,) dol)=)dolomite,)F4carb)=)fluorocarbonate,)Kfs)=)K4feldspar,)mag)=)magnetite,)sd)=)siderite,)str)=)strontianite.) 
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)
Figure! 9.!Microtextures) in) the) Grønnedal4Íka) carbonatites.! A)) Bent) twinning) lamellae) and) microfractures)(arrow)) in) the) large) calcite) grain) indicate) low4strain) conditions) near) the) brittle4ductile) transformation.)B))Small) grained) calcite) in) upper) left) with) dark) centers) and) bright) margins,) indicative) of) diffusive) element)exchange)with)a)fluid)that)has)circulated)along)the)grain)boundaries.)C))and)D)!Structural)relationships)show)the) relative) timing) between) three) ankerite) veins) of) different) compositions) (ank1,) ank2) and) ank3))E)) Sharp)boundary)between)larger)(upper)left))and)smaller)(lower)right))calcite.)Grain)boundary)bulging)is)visible)in)all)grains,)resulting) from)low4strain)ductile)deformation.)F))Same)view)in)CL.)Calcite)displays) flame4like)zoning.)Inclusions)of) apatite) show)yellow) to)pale)blue)variation,)while) strontianite) is) strong)blue.)G)) and)H)!Calcite)vein) cuts) through) siderite) carbonatite)with) fractured) siderite) and) a) typical) alteration) assemblage) of) apatite)(white) in) CL),) strontianite) (blue4red)) and) ankerite) (dark) with) red) spots)) and) fluorocarbonates) (brownish)orange).)Abbreviations:)ank)=)ankerite,)ap)=)apatite,)cal)=)calcite,)F4carb)=)fluorocarbonate,)mag)=)magnetite,)sd)=)siderite,)str)=)strontianite.)
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Figure!10.)Sample)CCB4U3.)Left.)The)elongated)clusters)of)magnetite)(black))are)oriented)subparallel)to)the)basaltic)dike)and)penetrate)both)the)white,)equigranular)mosaic4grown)calcite))and)dark,)slightly)larger)grained)and)more)inclusion)rich)calcite.)PPL)mosaic.)Center.)The)inclusion4rich)calcite)(right)center))has)higher)order)interference)colors)than)the)less)inclusion)rich)(left))calcite.)CPL)mosaic.)Right.)Pyrite)(pale)yellow))is)associated)with)the)magnetite)clusters)(bright)grey).)RL)mosaic. 
 
4.2.1. Siderite carbonatite: Secondary features 
In many of the siderite carbonatite samples, a secondary mineral assemblage is present that 
comprises ankerite, calcite, apatite, strontianite, barite and aggregates of fluorocarbonates 
(Figs. 7 and 8). Locally, the secondary minerals can dominate the overall mineralogy of the 
sample (Fig. 8). Some secondary minerals show textural characteristics of vein precipitates, 
such as 1) zoned, arrow-formed ankerite growing outward from siderite, often with 
compositional oscillatory zoning visible in BSE images (Fig. 6b), and 2) a common 
sequence where strontianite caps an intergrowth of fluorocarbonates, barite and calcite.  
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Vein-like apatite is found in between calcite crystals (Fig. 7), while calcite veins are also 
found cross-cutting previous secondary assemblages (Fig. 9g). The ambiguous temporal 
relationships can only be explained by multiple phases of calcite and apatite formation. 
Multiple phases of secondary carbonate formation is demonstrated by cross-cutting 
relationships between veins of compositionally different ankerites and calcite (Fig. 9c-d). 
Secondary siderite is found in microveins either as a sole constituent or together with 
ankerite, strontianite, monazite, columbite-tantalite, thorite and/or fluorocarbonates (e.g. in 
sample SCB-R13). Occasionally the oxide-rimmed siderite is cut by localized veins of barite 
and inclusions of strontianite, barite, fluorocarbonates, apatite, sphalerite and galena all of 
which are interpreted as secondary fillings. 
 
4.3. Calcite carbonatite (CCB) 
The calcite carbonatite samples are represented by the samples CCB-R22b, CCB-U3, CCB-
U4, CCB-X4 and CCB-X5. They are all found within 5 m from the dike margin and 
characterized by 1) calcite with mineral inclusions of strontianite, magnetite, apatite and 
fluorocarbonate, and 2) elongated clusters of magnetite associated with apatite and ankerite 
(Fig. 10). Despite similar mineral inclusions, several groups of texturally differing calcites 
are found even on a sample scale. Total inclusion content in the calcites varies from about 
1-5 vol.% up to > 10 vol.% in a calcite population in CCB-U3, which is less transparent as 
a consequence of the high inclusion density (Fig. 10). In CCB-X5, a sharp boundary 
between larger grained and smaller grained calcite is accompanied by a disappearance of 
magnetite-apatite clusters in the latter. Both of these calcites bear marks of ductile 
deformation, most calcite grains displaying prominent grain boundary bulging (Fig. 9e-f). 
Elongated magnetite aggregates are found in between calcite crystals in the CCB samples 
(Fig. 10). Magnetite in such aggregates is eu- to subhedral and sometimes displays wavy 
grain boundaries, indicating dissolution (Fig. 11). This magnetite is associated with ankerite, 
dolomite, pyrite and grainy apatite, which has REE-enriched rims, visible as a brighter rim 
in back-scattered electron imaging and blue rim around dark green cores in CL. In sample 
CCB-U3, the magnetite clusters show a distinct orientation (Fig. 10), while in samples 
CCB-X4 and CCB-X5 magnetite is found spread along calcite grain boundaries with no 
preferred orientation.  
! 25!
 
Figure! 11.) Magnetite) textures) and) inclusions.) BSE) images.) The) mineral) inclusion) phases) have) been)determined,)when)possible,)on)basis)of)semi4quantitative)EPMA4EDS)analyses.)Abbreviations:)ank)=)ankerite,))ap)=)apatite,)cal)=)calcite,)chl)=)chlorite,) )col)=)columbite4tantalite,)F4carb)=)fluorocarbonate,)Kfs)=)K4feldspar,)mag)=)magnetite,)sd)=)siderite,)str)=)strontianite.)
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5. MINERAL CHEMISTRY 
 
5.1. Carbonates 
A total of 342 single point carbonate analyses were acquired by WDS-EPMA from nine 
thin sections. Analyses totaling between 97-102 wt.% were accepted, yielding 
(accepted/analyzed) 133/158 calcites, 70/83 ankerite-dolomites, 68/78 siderites and 20/23 
strontianites. The CO2 was quantified by charge balancing the analyzed cations, assuming CO!!! as the sole anion. The mineral formulas were calculated on the basis of 3 oxygens for 
siderite, ankerite and strontianite and 6 oxygens for ankerite-dolomite.  
The major cation abundances analyzed by WDS-EMPA (Ca for calcite and ankerite-
dolomite and Fe for siderite) were used as internal standards for LA-ICP-MS analysis. The 
LA-ICP-MS signals were checked for inclusions and zoning by careful visual inspection, 
finally reducing the accepted analyses to 73 calcites, 25 ankerite-dolomites and 49 siderites. 
An additional elements menu (see sect. 3.3) was analyzed by LA-ICP-MS on samples CCB-
U3, SCB-R25 and SCB-U18 for 11 calcites, 2 ankerite-dolomites and 11 siderites. The 
major and trace element chemistry of the carbonates is summarized in Tables 2 and 3 and  
Figs. 12-18. 
 
Table 2: Major element chemistry of carbonates from representative EPMA-WDS spot analyses 
 1 3 2 4 5 6 7 8 9 10 
Sample cc10 cc33 cc152 cc96 ank44 dol7 dol15 sd43 sd40 str7 
MgO (wt.%) 0.070 0.000 0.350 0.305 2.339 8.487 18.622 3.432 2.621 0.000 
CaO 52.656 54.198 50.912 51.495 27.618 25.511 32.201 0.287 0.358 7.377 
MnO 1.102 0.110 1.336 0.212 1.928 10.898 1.889 4.231 2.420 0.000 
FeO 1.167 1.164 1.543 0.000 25.954 10.141 0.069 52.607 55.096 0.010 
SrO 0.463 0.378 1.443 3.217 0.039 0.329 0.658 0.000 0.000 60.640 
BaO 0.092 0.049 0.018 3.444 0.220 0.000 0.254 0.019 0.000 0.148 
CO2* 43.023 43.492 42.731 43.234 41.403 42.402 47.172 38.829 38.395 31.593 
Total 98.571 99.392 98.334 101.908 99.500 97.768 100.864 99.405 98.890 99.767 
 !  !     ! ! !
Mg (apfu) 0.002! 0.000 0.009 0.008 0.062 0.219 0.431 0.097 0.075 0.000!
Ca 0.961 0.978 0.935 0.935 0.524 0.472 0.536 0.006 0.007 0.183 
Mn 0.016 0.002 0.019 0.003 0.029 0.159 0.025 0.068 0.039 0.000 
Fe 0.017 0.016 0.022 0.000 0.384 0.147 0.001 0.830 0.879 0.000 
Sr 0.005 0.004 0.014 0.032 0.000 0.003 0.006 0.000 0.000 0.815 
Ba 0.001 0.000 0.000 0.023 0.002 0.000 0.002 0.000 0.000 0.001 
                      
apfu = atoms per formula unit. 
Spot analyses from the following samples: 1: SCB-R24 (calcite B). 2: SCB-R29 (calcite A). 3: CCB-X5 (calcite E). 
4: CCB-U3 (calcite C). 5: SCB-U15 (Fe-ankerite). 6: SCB-R25 (Mn-ankerite) 7: CCB-U3 (dolomite). 8: SCB-U18 
(unoxidized siderite). 9: SCB-R13 (secondary siderite). 10: SCB-U18 (groundmass strontianite) 
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Table 3: LA-ICP-MS data for calcite, siderite and ankerite       
 
Calcite A n = 23/6 Calcite B n = 15 Calcite C n = 15/6 Siderite A n = 10/6 
  Avg 1 σ Min Max Avg 1 σ Avg 1 σ 
 (ppm) Na 159 56 16 499 1438 154 13 12 
Mg 277 89 255 1726 2312 243 20467 948 
Si 73 9 34 95 77 23 93 24 
P 24 2 14 27 236 55 23 7 
Ca 386223 5119 365672 393917 370875 7454 1593 593 
Sc 0.24 0.20 0.03 14.10 0.092 0.074 0.33 0.19 
V 
  
0.02 0.08 b.d. - 0.72 0.32 
Mn 1380 791 1248 7221 2082 205 28464 1470 
Fe 8578 1450 7002 10622 459 89 403126 6615 
Co 
  
0.09 0.15 0.02 0.00 13.79 0.91 
Ni 
  
b.d. 0.13 0.33 0.12 0.24 0.06 
Cu 
  
0.03 0.08 0.34 0.04 0.03 0.01 
Zn 
  
1.16 6.77 13.5 1.5 338 50 
Sr 6126 768 3390 6443 29930 5274 0.48 0.43 
Y 194 57 28 896 652 46 0.09 0.05 
Nb 
  
0.004 0.016 0.009 0.002 0.015 0.007 
Ag 
  
b.d. 0.0186 b.d. - b.d. - 
Cd 
  
b.d. 0.6469 0.19 0.04 0.55 0.38 
Sb 
  
b.d. b.d. b.d. - b.d. b.d. 
Ba 
  
23 677 27848 4619 0.39 0.25 
La 88.14 48.08 1.09 135.17 1190 194 0.008 0.006 
Ce 236.59 93.80 3.09 286.09 3338 412 0.016 0.013 
Pr 41.61 13.06 0.54 44.42 512 58 0.004 0.004 
Nd 241.33 74.03 3.65 364.93 2389 232 0.020 0.005 
Sm 85.05 31.42 1.63 263.20 578 63 0.005 0.002 
Eu 35.64 13.37 0.95 137.02 241 30 0.007 0.006 
Gd 94.07 34.56 2.60 343.75 480 51 0.011 0.009 
Tb 12.23 4.22 0.87 49.39 52 5 0.003 0.001 
Dy 56.93 18.98 6.59 232.83 207 19 0.013 0.004 
Ho 8.71 2.83 1.24 36.72 30 2 0.005 0.003 
Er 15.57 4.98 2.82 73.06 54 4 0.018 0.008 
Tm 1.35 0.39 0.33 7.87 5.3 0.4 0.007 0.003 
Yb 4.78 1.29 1.74 38.98 22.3 1.9 0.066 0.044 
Lu 0.42 0.10 0.20 4.97 2.2 0.2 0.014 0.010 
Ta 
  
b.d. 0.0027 0.0031 0.0008 b.d. - 
Pb 5.39 4.79 1.23 25.43 48.06 6.26 0.015 0.008 
Th 
  
0.067 1.384 0.565 0.513 0.006 0.005 
U 
  
0.002 0.006 b.d. - 0.006 0.003 
         ΣREE 922 279 32 1780 9100 1002 0.16 0.09 
(La/Yb)CN 22 11 0.1 16.4 36.7 7.4 0.11 0.08 
Ce/Ce* 0.94 0.02 0.81 1.01 1.35 0.07 - - 
Eu/Eu* 1.21 0.01 1.11 1.40 1.04 0.03 - - 
Y/Ho 22.44 0.82 18.92 40.60 21.88 0.49 24.64 8.92 
Nb/Ta     3.123 1.068   
!! !! !! !! !! !! !! !! !!
n = amount of samples in set (element menu 1/menu 2). Avg = average of all analyses within set. CN = normalized to 
C1 chondrite (McDonough & Sun, 1989). Ce/Ce* = (Ce/[(La+Pr)/2)])CN. Eu/Eu* = (Eu/[(Sm+Gd)/2)])CN.  
 
 
 
! 28!
Table 3 (continued)     
 
Siderite B n = 16/7 Mg-ankerite Mn-ankerite Fe-ankerite 
  Avg 1 σ ank33 ank19 ank27 
Na  (ppm) 46 28 224 168 202 
Mg 17151 449 68167 30912 17983 
Si 90 27 64 88 62 
P 22 3 23 22 38 
Ca 1634 419 228156 196481 200424 
Sc 0.266 0.129 6.25 0.96 4.00 
V 0.804 0.236 
   Mn 36160 1474 8515 55146 19654 
Fe 411495 5834 100212 146952 209657 
Co 14 1 
   Ni 0.35 0.06 
   Cu 0.02 0.01 
   Zn 384 49 
   Sr 2.5 1.5 2972 4525 2533 
Y 0.30 0.18 188.4 70.3 44.8 
Nb 0.04 0.03 
   Ag 0.02 0.00 
   Cd 0.38 0.10 
   Sb b.d. 
    Ba 2.9 1.6 68 46 136 
La 0.047 0.039 18.19 5.40 2.12 
Ce 0.110 0.086 46.23 11.30 8.99 
Pr 0.016 0.013 6.86 1.50 1.74 
Nd 0.081 0.060 34.80 6.44 9.35 
Sm 0.035 0.026 18.48 2.39 5.01 
Eu 0.020 0.012 10.18 1.34 2.93 
Gd 0.053 0.033 30.78 4.06 7.93 
Tb 0.015 0.021 6.18 1.18 1.98 
Dy 0.061 0.043 39.02 11.31 12.41 
Ho 0.013 0.008 7.77 3.20 2.41 
Er 0.037 0.020 17.81 9.87 5.70 
Tm 0.007 0.003 2.22 1.32 0.78 
Yb 0.050 0.026 11.98 6.50 4.63 
Lu 0.010 0.005 1.60 0.68 0.59 
Ta 0.005 0.001 
! ! !Pb 0.104 0.043 1.34 8.53 10.60 
Th 0.018 0.021 
! ! !U 0.074 0.165 
! ! ! ! !    ΣREE 0.547 0.338 253 66 67 
(La/Yb)CN 0.71 0.60 1.03 0.56 0.31 
Ce/Ce* 0.97 0.12 1.00 0.95 1.06 
Eu/Eu* 1.48 0.45 1.29 1.30 1.41 
Y/Ho 21.87 2.92 24.24 21.96 18.56 
Nb/Ta 
! !    !! !! !! !! !! !! !! !! !!n = amount of samples in set (element menu 1/menu 2). Avg = average of all analyses within set. 1 σ  = standard 
deviation. CN = normalized to C1 chondrite (McDonough & Sun, 1989). Ce/Ce* = (Ce/[(La+Pr)/2)])CN. Eu/Eu* = 
(Eu/[(Sm+Gd)/2)])CN. Minimum and maximum values are reported for calcite A population because of a very 
heterogeneous trace element content. Siderite A refers to the unoxidized siderites in SCB-U18 and siderite B to 
siderites with oxide rims. Spot analyses of ankerite-dolomites come from: the following samples: ank33/SCB-U15, 
ank19/SCB-U18, ank27/SCB-R6 
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!
Figure!12.)Compositions)of)all)analyzed)carbonates)from)the)Grønnedal4Íka)complex)from)WDS4EPMA)in)the)FeCO34CaCO34(MgCO3+MnCO3)) ternary) system.) Shaded) field) shows) the) extent) of) CaFe(CO3)2) solubility) in)ankerite4dolomite)in)natural)samples,)with)an)apparent)solubility)limit)at)70)mol.%)CaFe(CO3)2)(Essene)1983).)Legend:)Alt)1)=)Least)altered)sample)SCB4U15,)where)siderite)has)magnetite4rims.)Alt42)=)Moderately)altered)samples)where)siderite)has)magnetite)or)magnetite4hematiteoxide)rims)(SCB4R6,)SCB4R24)and)SCB425),)Alt43:)Samples)where)siderite)has)been)completely)replaced)by)magnetite,)hematite)and)ankerite.)High4T)=)sample)CCB4U3,)close)to)the)dike)margin.)Primary)=)Samples)where)siderite)is)unoxidized)(SCB4R29)and)SCB4U18).)))
!
Fig!13.)Chemical)composition)of))ankerite4dolomite4kutnohorites)from)the)Grønnedal4Íka)complex)from)WDS4EPMA) in) the)CaMn(CO3)24)CaFe(CO3)24CaMg(CO3)2) ternary) system.)Fields)marked) in) the) ternary)diagram:)A:)Dolomite) with) CaMg(CO3)2) >) 0.8) .) B+C:) Ankerite) sensu) Chang) (1996).) C:) Ankerite) sensu% stricto.) D:) A) field)outside) the) experimentally) determined) solubility) limit) of) CaFe(CO3)2=0.7) in) ankerite) (Essene) 1983).) E+F:)Kutnohorite)sensu)Chang)(1996).)Legend)abbreviations)same)as)in)Figure)12.)
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Figure!14.)Chemical)composition)of)siderites)from)the)Grønnedal4Íka)complex)from)WDS4EPMA)in)the)MnCO34FeCO34MgCO3) ternary) system.) All) analyzed) siderite) compositions) plot) within) the) shaded) field) in) the) small)ternary,)enlarged)to)the)right.)Legend)abbreviations)same)as)in)Figure)12.)
Figure! 15.) Mg/Mn) vs.) LREE) plot) for) siderite) (LA4ICP4MS) data).) The) composition) of) the) oxidized) siderite)samples) (Alt41) and) Alt42)) is) depleted) in) Mg/Mn) and) enriched) in) LREEs) compared) to) unoxidized) siderite)(shaded)area).)Legend)abbreviations)same)as)in)Figure)12.))
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5.1.1. Siderite 
Rhombohedral single carbonates are represented by the ideal mineral formula MCO3, 
where M refers to a divalent metal ion, most commonly Ca2+, Mg2+, Fe2+ or Mn2+. Cation 
substitution in siderite is limited by the small size of the M site occupied by Fe2+ (61 Å). 
This is exemplified by a well-known wide miscibility gap between CaCO3 and FeCO3 
(Goldsmith 1983), as the incorporation of the larger Ca2+ ion (100 Å) in the siderite lattice 
is not energetically favorable. In contrast, natural siderite samples display complete solid 
solutions with the two other major rhombohedral single carbonates, magnesite, MgCO3, 
and rhodochrosite, MnCO3, because of the similarly charged and sized Mn
2+ and Mg2+ ions 
(Goldsmith 1983). Comparatively little work has been done on the trace element budget of 
siderite, with a near-complete lack of data on siderite from carbonatites. On the basis of the 
previous considerations, the divalent transition metals Co2+ (65 Å), Cu2+ (73 Å) and Zn2+ 
(74 Å) should be compatible relative to the larger Cd2+ (95 Å) and especially the large-ion 
lithophile elements (LILEs) Sr2+ (117 Å), Pb2+ (118 Å) and Ba2+ (119 Å). Trivalent metals 
(Mn, Cr, Ga, V, Sc, Ag, Sb or REE) might be incorporated, for example, through coupled 
anionic substitution with a phosphate ion or a coupled substitution with Na+ (see 
discussion in section 6.2.) (Hellebrandt et al. 2016). 
All of the analyzed siderite is poor in Ca (~0.3 wt.%) in accord with most natural non-
igneous siderites (Anovitz and Essene 1987), while Sr and Ba are only present in trace 
amounts (0-15 ppm). The trace element budget of siderite is low compared to the other 
carbonates, and the total concentrations of the analyzed elements excluding Fe, Mg, Mn 
and Ca does not exceed 600 ppm. 
Notably, and in contrast to calcite, heavy REE (HREE = La-Gd) are expected to be more 
compatible than light LREE (LREE = Tb-Lu) in siderite because the lanthanide 
contraction brings them closer to the size of Fe2+ (Bau and Möller 1992) although even the 
heaviest and smallest lanthanide, Lu, has a rather incompatible ionic radius of 86 Å. 
Consequently, a chondrite-normalized (CN) REE pattern with (La/Yb)CN< 1 and low  ΣREE are found in natural siderites (Bau and Möller 1992, Schönenberger et al. 2008).  
Both effects are observed for the unoxidized siderite in sample SCB-U18 which has ΣREE 
= 0.1-0.3 ppm and (La/Yb)CN = 0.05-0.3. In contrast, siderite with oxide rims show a range 
of increasing LREE contents (Fig. 16a) up to a maximum of (La/Yb)CN = 2 and ΣREE = 2 
ppm, accompanied by a positive Eu anomaly of  Eu/Eu* = 1.3. 
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Zinc (Zn) is the most abundant trace element at 300-500 ppm for both unoxidized and 
partly oxidized siderites. Concentrations of the other transition metals are fairly low but 
consistent for V (0.8±0.3 ppm), Co (14±1 ppm), Ni (0.3±0.1 ppm), Cu (0.02±0.01 ppm), 
Cd (0.5±0.3 ppm), while Ag and Sb are usually below limit of detection (< 0.02 ppm) 
Uranium (U) and thorium (Th) are present at sub-ppm concentrations, but erratic, with 
standard deviations exceeding the averages, and are therefore interpreted to reside in 
microinclusions of unidentified U-Th minerals. The Nb and sometimes Ta are detectable at 
< 0.1 ppm and < 0.01 ppm respectively, but the signals are too erratic for determining 
Nb/Ta ratios.  
The major element composition of siderite shifts from an average of Fe0.83Mg0.10Mn0.07CO3 
in the unoxidized specimens of SCB-U18 to Fe0.84Mg0.08Mn0.08CO3 in samples SCB-R24 and 
SCB-R25, in which the siderite crystals have oxidation rims. The simultaneous enrichment 
in Mn and LREE and depletion in Mg demarcates the unaltered and altered siderite in 
separate groups as shown in Fig. 15.  
 
5.1.2. Calcite 
Calcite is divided into five groups, A, B, C, D and E on the basis of its minor element 
compositions, chondrite-normalized REE patterns and trace element contents, which are 
summarized in Figs. 16b, 17, 18 and Tables 2 and 3. Calcite A is found mainly in SCB-R29 
and is characterized by consistent and negatively sloping REE patterns: It is enriched in 
LREE ((La/Yb)CN=10-50) and has a high ΣREE = 700-1100 ppm.  
The minor oxide concentrations of calcite A and calcite B overlap largely at 1.0±0.5 wt.% 
FeO, 0.5±0.5 wt.% MnO and 0.4 wt.% SrO and MgO < 0.5 wt.% (except for several 
outliers), but calcite A has markedly lower MnO contents (Fig. 18c). Calcite B is present in 
the SCB samples R6, R10, R13, R24, R25 and R29 and is mainly distinguished from calcite 
A by its large variation in its REE patterns (Fig. 15b), with lower overall slopes (most 
commonly La/Yb)CN < 2) and highly variable LREE slopes. A subset of calcite B samples 
are characterized by positive LREECN and negative HREECN slopes, delineating a convex-
up REE pattern centered at Eu. Calcite A has a consistent Y/Ho=22±1, in contrast to 
calcite B where Y/Ho varies between 19-41, positively correlating with Y (up to 896 ppm) 
and Sc (up to 14 ppm) contents. Calcites A and B are both relatively poor in mineral 
inclusions. 
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Figure! 16.) ) REE+Y) patterns) in) siderite,) calcite) and) ankerite4dolomite.) Individual) lines) correspond) to)representative)LA4ICP4MS)spot)analyses.)Sample)concentrations)are)normalized)to)C1)chondrite)(McDonough)and)Sun,)1995).)Note)the)different)scales.))A))The))LREE)content)increases)from)unoxidized)(SCB4U18))to)oxide4rimmed)siderite)(SCB4U15)and)SCB4U18).)Secondary)vein)siderite)(SCB4R13))has)a)higher)overall)REE)content.)
B)! ) Calcite) A) from) SCB4R29) has) a) negatively) sloping) REE) pattern) similar) to) the) primary) Aley) calcites)(Chakhmouradian) et) al.) 2016b).) Calcite) B) from) samples) SCB4R25) and) SCB4U15) has) highly) variable) LREE)patterns,) but) similar)HREE)patterns.) Some) calcite) B) resembles) the) hydrothermal) calcites) of) the)Bear) Lodge)carbonatite)(Chakhmouradian)et)al.)2016b).)Calcite)C)(CCB4U3))has)a)similar)pattern)to)calcite)A,)but)is)more)enriched)in)REEs.)C))The)ankerite4dolomites)have)variable)La4Dy)patterns,)but)similar)negative)HREE)slopes.)Open)circles)indicate)dolomitic)compositions,)which)generally)have)higher)REE)contents.)
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Figure!17.)Major)oxide)composition)of)calcite) from)EPMA4WDS.) Individual)spot)analyses)are)plotted.)Calcite)types)C,)D)and)E)are)only) found) in) the)CCB)samples)U3,)X4)and)X5,) all)<)2.5)m) from) the)dike)margin,)while))Calcite)A)is)mainly)found)in)SCB4R29)at)a)distance)of)43.49m.)The)four)high4MgO)outliers)in)sample)SCB4R13)are)located)close)to)siderite4ankerite)veins.)
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Figure! 18.) Bivariate) diagrams) for) minor) elements) in) the) Grønnedal4Íka) calcites.) EPMA4WDS) data.) Five)different) calcite) groups) calcite)A,) B,)D) and)E) occupy)partly) overlapping) fields.) There) is) a) compositional) gap)between)calcite)C)and)the)other)calcite)groups.)A)!Fe)vs.)Sr,)B))Sr)vs.)Mn,)C))Fe)vs.)Mn. 
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Calcite C is found only in CCB-U3 and is characterized by high Ba and Sr contents of c. 3 
wt.%, and low Fe contents of < 0.06 wt.%. It contains numerous mineral inclusions of 
magnetite, strontianite, fluorocarbonates and apatite. Calcite C is extremely enriched in 
REEs with ΣREE=7000-11000 ppm. The REE patterns are consistent and negatively 
sloping at (La/Yb)CN between 28-47 (Fig.16b).  
Calcites E and D have only been analyzed by EPMA and hence their classification is based 
on their major element composition and mineral inclusions. Calcite D is found in CCB-U3 
and CCB-X5 and is dense in mineral inclusions of strontianite, fluorocarbonates, apatite 
and magnetite. It is marked by a strong enrichment in MnO of c. 1.5 wt.% (Figs. 17 and 
18c). The highly variable FeO content is possibly caused by contamination of the WDS 
analyses by the abundant microinclusions of magnetite.  
Calcite E (found in CCB-X5) is similar to Calcite B, except it has lower FeO of c. 0.5 wt.%. 
It is grouped as a separate group mainly because it hosts a mineral inclusion population 
similar to that of calcites D and E. 
 
5.1.3. Ankerite-dolomite-kutnohorite  
The nomenclature of rhombohedral double carbonates by Chang (1996) is adapted in the 
present work and modified slightly to include the Mn end member kutnohorite. The 
minerals are named as follows: 
 
Ankerite: FeO/(FeO+MgO+MnO) > 0.2 and MnO/(FeO+MgO+MnO) < 0.2 
Dolomite: MgO/(FeO+MgO+MnO) > 0.8 
Kutnohorite: MnO/(FeO+MgO+MnO) > 0.2 
 
The species are further termed manganoan, manganese or ferrous for Mn, Mg or Fe rich 
variants to simplify discussion. Such artificial classification system is justified by the natural 
dominance of dolomite close to the CaMg(CO3)2 corner over more ferrous and manganoan 
ternary compositions (Essene 1983). Indeed, pure kutnohorite is very rare, while pure 
ankerite is not found in nature (Essene 1983). Experiments and the body of collected 
natural data convincingly demonstrate a solubility limit of ~70 mol.% CaFe(CO3)2 at the 
CaFe(CO3)2-CaMg(CO3)2 binary (Essene 1983, Anovitz and Essene, 1987).  
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Towards the CaMn(CO3)2 corner of the ternary, the solubility of CaFe(CO3)2 diminishes 
gradually to about 20 mol.% CaFe(CO3)2 at the CaFe(CO3)2-CaMn(CO3)2 binary, but these 
compositions are considerably less abundant in nature and consequently less studied. A 
complete solid solution between CaMn(CO3)2-CaMg(CO3)2 is demonstrated by natural 
samples (Essene 1983). 
The compositions of the Grønnedal-Íka ankerite-dolomites plot mostly on the ankerite-
dolomite join, with several analyses plotting in kutnohorite field (Fig. 12). However, a 
dominant portion of the ankerite-dolomites, which also represent the volumetrically most 
significant type, are ankerites sensu stricto with CaFe(CO3)2 > 50 mol.%. A large portion of 
these highly ferrous ankerites plot outside the above discussed solubility limit,  with up to  
CaFe(CO3)2 = 82 mol.%. The chondrite-normalized REE patterns of the ankerite-
kutnohorite-dolomites are largely consistent for HREEs, which are negatively sloping, but 
highly variable for the LREE-MREE patterns which form convex-up and convex-down 
trends centered at Eu, characteristic of manganese and ferroan compositions respectively. 
Ferroan (and manganoan) ankerites also have lower total ΣREE of c. 80 ppm compared to 
150-300 ppm for the magnesian ankerite-dolomites.  
Similar to most of the analyzed calcites and siderites, the ankerite-dolomites have positive 
Eu anomalies of Eu* = 1.3 and slightly negative Y anomalies of  Y* = 0.8.  
 
5.1.4. Strontianite 
Both sedimentary and carbonatite strontianite, (Sr,Ca,Ba,Pb)CO3 often incorporates 
significant amounts of Ca, which substitutes Sr up to a solubility limit at c. 27 mol.% 
CaCO3 as calcite; the solubility of aragonite, the orthorhombic high-pressure CaCO3 
polymorph, might be higher in the likewise orthorhombic strontianite structure (Speer and 
Hensley-Dunn 1976, Speer 1983). All of the analyzed strontianites have highly calcic 
compositions, ranging between Sr0.759-0.838Ca0.158-0.239Ba0-0.008Fe0-0.004CO3. This range excludes 
the most calcic strontianite, which reaches, but doesn't surpass the established solubility 
limit of Ca in strontianite at composition Sr0.718Ca0.276Ba0.002Fe0.005CO3. 
The slight variation in Ba concentration correlates with observed red and blue CL colors 
(Fig. 6), red luminescence coinciding with Ba < 0.15 wt.% and blue luminescence with Ba 
= 0.15-0.8 wt.%.  
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Fig! 19.) LA4ICP4MS) data) of) the)major) cation) substituents) in) the)magnetites) of) the) Grønnedal4Íka)carbonatite.)The)samples)are)ordered,)from)left)to)right,)by)increasing)distance)from)dike)margin.)
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Fig! 20.) LA4ICP4MS) data) of) selected) trace) elements) in) the) magnetites) of) the) Grønnedal4Íka)carbonatite.)The)samples)are)ordered,)from)left)to)right,)by)increasing)distance)from)dike)margin.))
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5.2. Magnetite 
Because of a minimum acceptable grain size of c. 30 µm for reliable LA-ICP-MS analysis, 
the suitable samples for magnetite analysis were limited to 10 thin sections. The thin 
sections with largest magnetite grains (up to 100 µm) are found in samples close to the 
contact to the basaltic dike (CCB samples R22b, U3, U4, X4 and X5). The sample CCB-
R22b is found within the dike and interpreted as a xenolith broken off from the 
surrounding carbonatite during dike intrusion. Further from the dike contact, the size of 
the magnetite grains diminishes quickly. Another factor complicating LA-ICP-MS analysis 
is the high abundance of inclusions found in many magnetites. Although inclusion-free 
mineral surfaces were picked for WDS-EMPA, magnetite is opaque to transmitted light 
and it was therefore not possible to detect mineral inclusions within the grains prior to LA-
ICP-MS analysis. Accordingly, the LA-ICP-MS signals were scrutinized carefully to select 
inclusion-free signals. A total of 109 single point analyses of magnetite were performed 
with WDS-EDS on 10 thin sections. Accepted LA-ICP-MS analyses were reduced to 60. 
The stoichiometry of magnetite can be represented by AB2O4 with A being a divalent 
cation (Fe2+, Mg, Ni, Mn2+, Co, Zn, Pb, Ca) and B a trivalent cation (Fe3+, Al, Mn3+, Cr, 
V3+, Ga, Sc) (Wayachunas 1991). The inverse spinel structure of magnetite is represented 
by B[A,B]2 where an octahedral site (in brackets) is occupied by both A and B in close to 
equal proportions, and a smaller tetrahedral site is occupied dominantly by B (Ghiorso and 
Sack 1991). Tetravalent cations (Ti, Si, V4+) might enter the tetrahedral site through 
coupled substitution with a divalent cation. The incorporation mechanisms of the 
pentavalent high field strength elements Nb and Ta are unknown (Nielsen and Beard 
2000). Only 1/8 of the tetrahedral and 1/2 of the octahedral sites in the cubic close-packed 
network of oxygens are occupied by cations (Ghiorso and Sack 1991). The ordering of 
cations in the magnetite structure is a complex function of probably many intensive 
variables (Ghiorso and Sack 1991).  
The two different metal sites in the magnetite structure allow considerable variation in its 
composition, resulting in extensive solid solutions between many other spinel group 
minerals (Waychunas 1991). The trace element budget of magnetite is similarly large and 
enhancements in LA-ICP-MS analytics has prompted recent research on the trace element 
chemistry of magnetite as an archive of its formation conditions in silicate or sulfide-rich 
ore deposits (Nadoll et al. 2012, 2014,  Dupuis and Beaudoin 2011, Dare et al. 2014, Hu et 
al. 2014, Knipping et al. 2015) but there are only a few existing studies on the trace element  
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chemistry of magnetite in carbonatites (Reguir et al. 2008, Milani et al. 2016). Milani et al. 
(2016), reporting data on both hydrothermal and magmatic magnetite from the Phalaborwa 
carbonatite, South Africa, suggest that the main controls of trace elements budgets in 
carbonatitic magnetite is analogous to that of silicate rocks, allowing a comparison between 
the two. The incorporation of trace elements in hydrothermal magnetite depends on at 
least 1) the availability of the element in the fluid, 2) temperature, 3) redox conditions, 4) 
complexing type in the fluid (Nadoll et al. 2014). Temperature seems to be a major control 
of element solubility in magnetite, leading magmatic magnetites to generally have a higher 
total trace elements content than hydrothermal magnetites (Nadoll et al. 2014). The 
incorporation of elements with multiple redox states such as V and Mn can be additionally 
controlled by oxygen fugacity. 
The trace element chemistry of the Grønnedal-Íka magnetite is summarized in Figs. 19 and 
20. The trace element contents vary by three orders of magnitude between c. Mn = 20-
40000 ppm, Mg = 10-20000 ppm, Zn = 10-20000 ppm, Al = 1-14000ppm, Ti = 1-10000 
ppm and Nb = 0.5-14000 ppm, but are more consistent within samples. The 
concentrations of Mg and Mn are positively correlated, but no correlation between Zn and 
Mg is observed, which was found by Reguir et al. (2008) for magmatic magnetite in the 
Kerimasi carbonatite. Some elements which are considered compatible in magnetite, e.g. 
Cr, Ni and Co are present only in low concentrations (from < 1 ppm to 100 ppm), which 
likely reflects the depletion of these elements in the Grønnedal-Íka carbonatites. The low V 
(10-200 ppm) stands in contrast to the magmatic magnetites from the Kerimasi (Reguir et 
al. 2008) and Phalaborwa (Milani et al. 2015) carbonatites, which have V concentrations 
between 300-2200 ppm. 
Reguir et al. (2008) suspected that microprobe analyses reporting Nb of up to a few 
thousand ppm (e.g. Dawson et al. 1996) might be flawed due to columbite or pyrochlore 
contamination, and suggested an upper limit of c. 100 ppm Nb in carbonatitic magnetite. 
The Nb concentration of the Grønnedal-Íka magnetites reaches 1.4 wt.% and thereby 
exceed other recently reported LA-ICP-MS data from carbonatitic magnetites (Reguir et al. 
2008, Milani et al. 2016) by two orders of magnitude.  The LA-ICP-MS signals for Nb and 
Ta presented here show very little fractionation and are consistent for the highest Nb 
magnetites in CCB-X5 (Fig. 3b), suggesting that Nb and Ta are incorporated in the 
magnetite structure rather than being artefacts of microinclusion contaminated signals. 
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6. DISCUSSION 
 
6.1. Breakdown of siderite 
Siderite is metastable at low temperatures and oxidizes readily to hematite at atmospheric 
fO2 (French 1971). At slightly lower fO2, oxidation to magnetite can take place through the 
idealized reaction (French 1971) 
 3Fe!!CO!(s) + !!O!(g) → Fe!!!Fe!!O!(s) + 3CO!(g)            (1) 
 
In the context of the Grønnedal-Íka carbonatite, the reaction implies a hydrous fluid 
coming into contact with siderite, oxidizing Fe2+ in siderite to Fe3+ and mediating the 
formation of magnetite. Sharp grain contacts between siderite and magnetite, showing no 
signs of major element diffusion, indicate replacement by a dissolution-precipitation 
mechanism (Putnis 2009) Importantly, the reaction results in a volume decrease of c. 50% 
in the solid phase (Mücke and Cabral 2005). Therefore, once the reaction is initiated, the 
decreasing volume will effectively maintain fluid pathways allowing element transport to 
and from the reaction front (Putnis 2009), allowing the oxidation to propagate through the 
siderite crystal. If no limiting conditions in the controlling parameters are met, and fluid 
pathways are not sealed by co-precipitating phases, original siderite will finally oxidize 
entirely, and resemble the magnetite-ankerite pseudomorphs observed in samples close to 
the dike contact (Fig. 5c).  
It is worth to note that the maximum magnetite content of these pseudomorphs rarely 
exceeds 50 vol.%, except in the highly deformed equivalents in the calcite carbonatite 
samples in which the magnetite clusters might have been compacted. Further, the 
maximum size of individual magnetite crystals does not exceed 100 microns. Both are likely 
to be limited by the volume decrease implied by reaction (1). 
The presence of siderite and ankerite inclusions in magnetite the calcite carbonatites (Fig. 
11) suggests that these clusters have been formed by an analogue process to the one which 
caused formation of the magnetite clusters in the siderite carbonatites. Indeed, a few 
examples exist even in the CCB samples where remnant siderite is seemingly being replaced 
by magnetite (Fig. 11d).  It is proposed that the magnetite clusters in the CCB samples have 
been elongated in high strain conditions imposed by the dike intrusion and squeezed in 
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between calcite crystals which deform ductilely and recrystallize even at low temperatures 
(c.f. Chakhmouradian et al. 2016a). Such solid-state ductile remobilization of calcite could 
also be the cause for the juxtaposition of texturally different calcites in CCB-U3, CCB-U4 
and CCB-X5. 
Ankerite rims surrounding oxidized siderite suggests that ankerite saturation was reached 
locally, possibly through the increased fCO2 resulting from reaction (1) and the release of 
Mg2+ and Mn2+ from the non-end member composition siderite: 
 3Fe!.!"Mg!.!"Mn!.!"CO! + !!O! → 0.83Fe!O! + 3CO! + 0.30Mg!! + 0.21Mn!!           (2) 
 0.06Mg!! + 0.12Mn!! + 0.77Fe!! + 1.05Ca!! + 2CO! + !O! → Ca!.!"Fe!.!!Mg!.!"Mn!.!"(CO!)!  (3) 
 
The mismatch between the right-hand side of reaction (2) and left-hand side of reaction (3) 
implies a fluid-mediated open system where dissolved Ca2+-bearing species must have been 
present and that some of the Fe2+ released by dissolution of siderite was sequestrated by 
ankerite instead of magnetite.  
The composition of ankerite at the siderite margins crosses a well established solubility 
limit of ~70 mol.% CaFe(CO3)2 (Table 2, Figs. 12 and 13) (Essene 1983), indicating that 
such ankerite must be metastable. Higher Fe activities in experimental setups stabilize 
siderite and calcite instead of more ferrous ankerite (Essene 1983), which is also a possible 
cause for secondary siderite-calcite pairs observed in some samples (Fig. 5c). It is suggested 
that ankerite might locally form metastable, highly ferrous compositions because high fO2 
conditions inhibits siderite growth (French 1971) and/or due to kinetic factors. Notably, in 
sample SCB-U18, in which siderite has not been oxidized, ankerite does not overstep the 
established solubility limit of CaFe(CO3)2 (black filled circles in Fig. 13), suggesting that the 
solubility limit is controlled by fO2. The compositions of vein-filling ankerite in samples 
SCB-R13 and SCB-R10 does likewise stay below, although close to, 70 mol.% CaFe(CO3)2 
(grey filled circles in Fig. 13). 
Woolley and Kempe (1989) suspected that sometimes observed similar pseudomorphs of 
Fe-oxides and ankerites in carbonatites are formed after siderite. As already observed by 
Emeleus (1964), multiple steps of the breakdown of siderite by oxidation are documented  
in the Grønnedal-Íka siderite carbonatite. It is therefore likely that several siderite 
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carbonatite occurrences have not been recognized as such due to the unrecognized 
breakdown of siderite. 
 
6.2 Origin of the Grønnedal-Íka carbonates 
 
6.2.1. Siderite: primary or secondary? 
The low variation in major element compositions of siderite (Fig. 14) stands in contrast to 
the high variability of Fe, Mn, Sr and Ba in the analyzed calcites (Fig. 18). This chemical 
homogeneity in siderites supports the first order textural interpretation that, apart from a 
small set of secondary siderite, all analyzed siderite is of the same origin. The observed 
pattern of advancing siderite oxidation towards the dike contact together with a lack of 
correlation between siderite abundance and proximity to the dike, suggest that siderite has 
been present in the carbonatite before the intrusion of the dike and can therefore 
considered to be a primary phase in the context of the present work.  
The partly oxidized siderite samples are enriched in LREE and Mn but depleted in Mg. 
This could either occur through chemical diffusion of LREEs into the siderite structure 
from a LREE and Mn-enriched but Mg-poor fluid, or by generation of LREE rich 
impurities in the siderite crystals which are not resolved by LA-ICP-MS. The latter could be 
formed by hydrothermal fluids entering the siderite through microfractures, which are 
likely to form ahead of the reaction front during magnetite formation as a result of the 
volume decrease implied by reaction (1)  (Putnis 2009). 
 
6.2.2. Calcite: primary or secondary? 
Compared to a compilation of magmatic carbonatitic calcites (Chakhmouradian et al. 
2016b) the Grønnedal-Íka calcites exhibit a larger variation in their compositions and REE 
patterns (Fig. 16b). However, the negatively sloping REE pattern of calcite A closely 
resembles that of the magmatic Aley calcite (Fig. 16b) and matches calcites analyzed from 
the Grønnedal-Íka calciocarbonatites by Halama et al. (2005). Calcite A is also found 
mainly in the sample SCB-R29 which is at a distance of 43.5 m from the dike margin, and is 
therefore more likely to have escaped the intense alteration closer to the intruding dike.  
In contrast, calcite B is only found at moderate distances of 5-35 m from the dike margin. 
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The closest comparison to calcite B found in the literature are the hydrothermal calcites of 
the Bear Lodge carbonatite (Fig. 6b), which are similarly depleted in LREE, have elevated 
Y/Ho values of up to 41 and positive Eu anomalies of Eu/Eu* = 1.3 (Moore et al. 2015, 
Chakhmouradian et al. 2016b). 
While the LREE  patterns of calcite B are highly variable, they show a notable lack of 
variation in their HREE patterns, which closely resemble those of calcite A (Fig. 16b). The 
large variation in the LREE patterns of calcite B could result from co-precipitating 
hydrothermal fluorocarbonates, strontianite, apatite and/or monazite, which all sequestrate 
LREEs and therefore might locally control their availability to calcite (Moore et al. 2015, 
Chakhmouradian et al. 2016b, Milani et al. 2017). The above considerations support the 
idea that calcite B are hydrothermally reworked derivatives of calcite A.  
Calcite C, with a ΣREE up to 1 wt.%, is about five times more REE-rich than has been 
previously reported in carbonatitic calcite (see review by Chakhmouradian et al. 2016b). 
Similarly, its Na = 1438±154 ppm and P =236±55 ppm are higher than found in the c. 25 
localities from which LA-ICP-MS data exists for carbonatitic calcite (Chakhmouradian et 
al. 2016b).  A recent study by Hellebrandt et al. (2016) suggests that trivalent REEs may be 
incorporated in the calcite structure during recrystallization by the coupled substitution 
 2Ca!! → Na! + REE!!)) ) ) ) ) ) )      (4) 
 
A second substitution mechanism was suggested by Chakhmouradian et al. (2016b) 
)Ca!! + CO!!! → PO!!! + REE!!) ) ) ) ) )     (5) 
)
A simple calculation shows that Na = 1400 ppm can theoretically account for c. 10000 
ppm REEs through the first substitution reaction, while P = 250 ppm can account for c. 
1200 ppm. Reaction (4) can therefore alone account for the high REE and Na contents of 
calcite C, while reaction (5) cannot. Another possible explanation for the unusually high 
contents of REEs, Na and P is the incorporation of microinclusions in the calcite, too 
small and too evenly distributed to be resolved with the LA-ICP-MS or the microprobe 
(Fig. 3b). A possible candidates is monazite, (REE)PO4, which could account for a 
maximum of 1200 ppm REEs for a P content of 250 ppm. There are Na-REE-carbonates 
that could possibly satisfy the mass balance, but it is not obvious how such evenly 
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distributed microinclusions could form except by exsolution from a destabilized phase. 
Instead, substitution mechanism (4) seems the most plausible explanation for the high 
REE content in calcite C. The simultaneously high Ba and Sr contents attest to their 
availability during formation of calcite C, as well as high formation temperatures (Essene 
1983). 
The negatively sloping REE patterns (Fig. 16b) of calcite C are characteristic of primary 
carbonatitic calcite (Ionov and Harmer 2002, Chakhmouradian et al. 2016b). However, a 
positive Ce anomaly of Ce/Ce* = 1.35±0.05 is unusually high for primary carbonatitic 
calcite, which generally do not exceed values of ~1.1 (Chakhmouradian et al. 2016b). 
Because Calcite C is exclusively found in close proximity of the dike, it is suggested that it 
is not primary, but rather recrystallized from a composition similar to that of calcite A, in 
the presence of hot REE, Na, Ba, and Sr enriched fluids, and that its formation is spatially 
and temporally linked to the intrusion of the dike.  
Calcites D and E, which have not been analyzed by LA-ICP-MS, host similar inclusions of 
strontianite, fluorocarbonates, magnetite and apatite as Calcite C and likewise show 
deviating major component trends trailing back to the composition of calcite A (Fig. 18), 
although the trends are markedly different. However, because they are likewise only found 
within 2.5 m from the dike margin, in the calcite carbonatite samples, they are suggested to 
have formed by the influence of the dike intrusion through mechanisms analogue to the 
ones discussed for calcites B and C by influence of the dike. By extension, it is suggested 
that the calcite carbonatite samples do not represent separate primary carbonatites from the 
siderite carbonatites, but are likely to be highly altered and deformed versions of the latter. 
 
6.3. Y/Ho in carbonates as an indicator of hydrothermal alteration 
Y and Ho form only trivalent ions in nature and because of their almost identical ionic radii 
(0.900 and 0.901 respectively in octahedral coordination; Shannon 1976) they can be 
expected to behave virtually identically during charge and radius controlled (CHARAC) 
geological processes (Bau 1996). Indeed, dominance of CHARAC behavior is attested by 
the strikingly uniform average ratios of Y/Ho=27±1 for all major silicate reservoirs on 
Earth (McDonough and Sun 1995), and a low variability in most silicate rocks that defines 
a CHARAC interval for Y/Ho between c. 24-34 (Bau 1996). However, in certain 
environments Y and Ho can become decoupled.  
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Figure!21.)Variation)diagram)of)(La/Yb)CN)vs.)Y/Ho.)Data)from)the)Grønnedal4Íka)calcites,)siderites)(only)range)shown)for)clarity))and)ankerite4dolomites4kutnohorites)is)compared)with)previously)published)data)from)the)magmatic) calcites)of) the)Phalaborwa)carbonatite) (Milani)et) al.)2017),)magmatic)dolomites)and)calcites) from)the) Aley) carbonatite) (Chakhmouradian) et) al.) 2016b)) and) the) hydrothermal) calcite) from) the) Bear) Lodge)carbonatite)(Chakhmouradian)et)al.)2016b). 
 
Y/Ho values deviating from the CHARAC interval is especially common in rocks affected 
by fluorine rich hydrothermal systems (Bau 1996) including the Gardar aged Ivigtût alkali 
granite hosted fluorite-cryolite-siderite deposit adjacent to the Grønnedal-Íka complex 
(Schönenberger et al. 2008). Solubility experiments of REEs (Migdisov and Williams-Jones 
2007, Migdisov et al. 2009)  and Y (Loges et al. 2013) in F-rich aqueous systems show that 
different complexation of Y and Ho with F can effectively decouple Y from Ho. This 
decoupling makes the Y/Ho ratio a valuable tool for fingerprinting hydrothermal alteration 
(Loges et al. 2013), especially in carbonatites, which are often highly enririched in F 
(Chakhmouradian et al. 2016b). Comparing data from different localities, Chakhmouradian 
et al. (2016b) showed that hydrothermal reworking of carbonatitic calcite and dolomite can 
result in positive or negative excursions from their primary Y/Ho ratios accompanied by 
perturbations in their chondrite-normalized REE patterns.  
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The hydrothermally reworked Grønnedal-Íka calcites show a depletion in the (La/Yb)CN 
compared to the primary calcites (Fig. 21; see discussion in section 6.2.2.), and sometimes 
show enriched Y/Ho values of up to 40, similar to the hydrothermal calcites of the Bear 
Lodge carbonatite (Moore et al. 2015, Chakhmouradian et al. 2016b). Primary siderite has a 
higher Y/Ho (c. 30) than primary calcite (c. 23). The possible implication of the gap is that 
primary siderite was formed during a more evolved stage of the magmatic evolution after 
fluid saturation was reached, and a F-rich fluid phase was separated, into which Y was 
partioned more strongly than Ho. Hydrothermally altered siderites show an opposite trend 
to the hydrothermally altered calcites, towards the lower Y/Ho values of most calcites. 
This supports the idea that primary siderite and calcite have both been reworked during the 
same hydrothermal event. 
 
6.4. Nb/Ta and Zr/Hf in magnetite 
The high concentrations of Nb and Ta in the hydrothermal magnetite of Grønnedal-Íka 
compared to the magmatic magnetites of Kerimasi and Pahaborwa carbonatites (Fig. 22) is 
the opposite of what has been observed for magnetite in hydrothermal versus magmatic 
silicate systems (Dare et al. 2014). The highest Nb and Ta concentrations in Grønnedal-Íka 
are found in samples closest to the dike and correlate positively with the other high field-
strength elements (HFSEs) Ti, Zr and Hf.  
Because of their similar ionic radius and ionic charge, the HFSE pairs Nb-Ta and Zr-Hf are 
not fractionated through charge and radius controlled processes  (Bau 1996), analogue to 
Y-Ho discussed in the previous section. Further, they are generally thought to be among 
the most fluid-immobile elements (e.g. MacLean and Kranidiotis 1987). Therefore, the 
Nb/Ta and Zr/Hf ratios of most crustal and upper mantle rocks remain uniform and close 
to the chondritic values of 17.7, varying between c. Nb/Ta = 10-20 (Green 1995) and 
Zr/Hf = 26-46 (Bau 1996). Carbonatites are an exception to this rule, often exhibiting 
highly variable Nb/Ta and Zr/Hf ratios (Thompson et al. 2002). Indeed, the Nb/Ta and 
Zr/Hf ratios of the magnetites of the Grønnedal-Íka carbonatite vary between c. 10-1000 
and 10-300 respectively. 
Recent studies by Timofeev et al. (2015 and 2017) show that, in contrast to magmatic and 
aquatic systems, Nb and Ta are both highly soluble in hydrothermal F-rich fluids where the 
solubility is controlled by the aqueous species NbF2(OH)3°, TaF3(OH)3
-, and TaF5°.  
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Figure!22.) The!Nb/Ta) and)Zr/Ho) ratios) in) the)Grønnedal4Íka)magnetites) compared) to) published)magnetite)data) from)the)Kerimasi)carbonatite)(Reguir)et)al.)2008))and)the)Phalaborwa)carbonatite4phoscorite)complex)(Milani)et)al.)2016).) )Carbonatitic)magnetite)shows)large)deviations)from)the)CHARAC)fields)of)Nb/Ta)(Green)1995)) and) Zr/Hf) (Bau) 1996).) The) Grønnedal4Íka) magnetites) overlap) partly) with) the) magmatic) Kerimasi)magnetite,)but)also)exhibit)up)to)an)order)of)magnitude)higher)values. 
 
Similar results have been reported by Migdisov et al. (2011) for the similarly immobile Zr, 
which is shown to be highly soluble in F-rich hydrothermal fluids. No experimental data is 
available on the solubility of Hf in hydrothermal F-rich systems. However, the correlation 
between Nb/Ta and Zr/Hf in the Grønnedal-Íka magnetite aligns to and extends the 
positive trend delineated by the Phalaborwa and Kerimasi magmatic magnetites (Fig. 22) 
and indicates that both Nb/Ta and Zr/Hf are fractionated by the same process. Further, 
the Grønnedal-Íka magnetite data seems to interpolate this trend from magmatic to 
hydrothermal carbonatitic systems.  
In an experiment by Timofeev et al. (2015), the initially high solubility of Nb in a 
hydrothermal F-rich fluid drops dramatically during interaction with calcite as a result of 
increasing pH in the fluid and sequestration of F by fluorite (CaF2) and leads to 
precipitation of columbite (Nb2O5). It is suggested that the formation of high Nb, Ta and 
Nb/Ta magnetites in the Grønnedal-Íka carbonatite can be attributed to a similar process, 
where highly F-rich hydrothermal fluids initially mobilized Nb preferentially over Ta by 
dissolution of pre-existing phases (possibly pyrochlore and columbite-tantalite). 
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Precipitation of secondary fluorocarbonates and possibly fluorite (present as an inclusion in 
a single magnetite) sequestrated F from the hydrothermal fluid, causing the solubility of Nb 
and Ta to drop. The common observation of columbite-tantalite inclusions in magnetite 
(Fig. 11) suggests that the formation of magnetite was mediated by a hydrothermal fluid 
that had already reached Nb and Ta saturation. The large but systematic variation of the 
Nb/Ta and Zr/Hf ratios in magnetite reveals their potential as petrogenetic indicators in 
carbonatitic systems.  
 
6.5. Origin of the Grønnedal-Íka magnetite 
The partitioning behavior of 20 trace elements in magnetite is summarized in a multi-
element variation diagram in Fig. 23. Compared to the magmatic magnetites from the 
Phalaborwa and Kerimasi carbonatites, the Grønnedal-Íka magnetites are highly enriched 
in Nb and Ta (see previous section) and distinctly depleted in Ti and V. The incorporation 
of Ti and V into magnetite is strongly temperature dependent, and their concentrations are 
used to discriminate between magmatic and hydrothermal origin in silicate systems (Nadoll 
et al. 2014, Dare et al. 2014). The magmatic and hydrothermal magnetites from Phalaborwa 
(Milani et al. 2016) and Kerimasi (Reguir et al. 2008) carbonatites occupy separate fields in 
the Ti vs. V bivariate plot, analogue to silicate systems (Fig. 24).  
In this plot, the Grønnedal-Íka carbonatites plot consistently outside the fields delineated 
by the Phalarbowa and Kerimasi magmatic magnetites, instead coinciding and extending 
the field of the hydrothermal magnetites from Phalarbowa. The most Ti- and V-rich 
magnetites in Grønnedal-Íka are found in sample CCB-R22b, which is a carbonatite 
xenolith in the dike, supporting a correlation between Ti and V contents in magnetite and 
formation temperatures.  The lowest overall trace element contents are found in magnetites 
at the greatest distance from the dike (sample SCB-U12). The low overall trace element 
content and relatively high concentration of Si are both fingerprints of low-temperature 
hydrothermal origin for the magnetite in sample SCB-U12 (Nadoll et al. 2014, Dare et al. 
2014, Milani et al. 2016). Taken together, the trace element data of the Grønnedal-Íka 
magnetites along with the presented textural connection to siderite and the spatial 
correlation with the basaltic dike,  suggest a common hydrothermal origin for all analyzed 
magnetites. The high variability of magnetite trace element contents between samples, 
especially those close to the dike, indicates rapid formation in locally controlled and/or 
rapidly changing chemical environments.  
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Figure!23.)Multi4element)variation)diagram)for)the)magnetites)of)the)Grønnedal4Íka)carbonatite.)The)elements)are) plotted) in) the) order) of) increasing) compatibility) in)magnetite) in) silicate)magmas) (Dare) et) al.) 2014).) The)shaded) field) represents) the) compositional) range) (within) one) standard) deviation)) of) the) averages) of) the)samples)within)2.5)meters)of)the)dike)margin)(CCB4R22b,)CCB4U3,)CCB4U4,)CCB4X4,)CCB4X5).)Sample)averages)are) plotted) for) SCB4U12) and) SCB4R24.)The)data) is) compared) to) published) carbonatitic)magnetite) data) from)Phalaborwa) (Milani) et) al.) 2016)) and) Kerimasi) (Reguir) et) al.) 2008).) Sample) averages) are) plotted) for) the)Phalaborwa) hydrothermal) (TC) B62D)) and)magmatic) magnetites) (Phos) B66).) The) Kerimasi) magnetite) is) an)average)of)three)first4generation)magmatic)magnetites)(K5).)The)magnetite)concentrations)are)normalized)to)the)primitive)mantle)composition)of)Palme)and)O'Neill)(2014).)
 
)
Figure! 24.) Trace) element) variations) of) Ti) and) V) in) the) Grønnedal4Íka) magnetites) compared) to) published)magnetite)data)from)the)Kerimasi)carbonatite)(Reguir)et)al.)2008))and)the)Phalaborwa)carbonatite4phoscorite)complex) (Milani) et) al.) 2016).)The)Grønnedal4Íka)magnetites)plot) entirely) outside) the) fields)of) the)magmatic)magnetites)from)Kerimasi)and)Phalaborwa,)but)overlap)with)the)hydrothermal)Phalaborwa)magnetite.) 
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6.6. Geochemistry of hydrothermal fluids 
A conclusion of the previous discussion is that a hydrothermal system was activated by the 
intruding basaltic dike, interacting in various ways with the Grønnedal-Íka carbonatites. It 
is beyond the scope of the present work to attempt to quantify the chemical and physical 
evolution of this hydrothermal system. However, some qualitative remarks can be made 
regarding its composition and temperature.  
Chemical contributions to the hydrothermal fluid can come from any combination of the 
following: 1) meteoric water, 2) degassing of the crystallizing and possibly initially 
depressurized basaltic magma, 3) heat-induced release of volatiles from the carbonatite 
and/or surrounding nepheline syenites, 4) dissolution of easily soluble phases in the 
carbonatite, and 5) fluid-rock reactions.  
Suggestions 1) and 2) are plausible, because the paleodepth of the present surface is likely 
to be shallow and the dikes might represent feeder dikes to fissure eruptions (Upton et al. 
2003). In a large geochemical survey of the Gardar basaltic dikes by Bartels et al. (2015), 
nepheline normative compositions were only found in dikes close to Grønnedal-Íka, 
strongly implying assimilation of the alkaline rocks of the complex. 
Most intense alteration is found close to the dike contact, where the initial temperature 
gradient must have been steep assuming an estimated intrusion temperature of 1100-1200° 
and an ambient temperature of 50-200°C. However, it is difficult to evaluate the relative 
effects between conductive and advective heat transport taking place through convection 
of a hydrothermal multi-phase fluid. If the latter was dominant the dike would have cooled 
more quickly, but hotter temperatures might have been reached more rapidly at longer 
distances from the dike. The dominance of advective over conductive heat loss is suggested 
by the textural evidence presented in this work and hence the implied timescales for the 
alteration reactions might have been on the order of days or months instead of tens of 
years as suggested by a purely conductive model.  
The generally fluid-immobile elements Ti and Al are present in low concentrations in the 
carbonatite, but abundant in the dike. Their high abundance in magnetites close to the dike 
(up to 2 wt.%) indicates that they were mobilized at the high temperatures close to the dike 
contact, where they were readily scavenged by magnetite to which they are compatible 
(Nadoll et al. 2014). 
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A further indication of a basalt-derived fluid component is offered by small flecks of 
chalcopyrite occasionally found around pyrite that has been oxidized to magnetite, 
presumably through a reaction of the type 
 3Fe!!S!(s) + 2O!(g) → Fe!!!Fe!!O!(s) + 3S!(g)            (6) 
 
The locally increased fS2 can be thought to cause swift precipitation of chalcopyrite. Pyrite 
contains Cu on the low ppm level (Appendix E). It is therefore suggested that Cu was a 
component in the oxidizing fluid derived from the basaltic dike, which has a Cu 
concentration of 40-100 ppm (Bartels et al. 2015) compared to < 1 ppm in the carbonatite 
(Bedford 1989, Taubald et al. 2004). 
The chemistry of the secondary mineral assemblage associated with the breakdown of 
siderite and formation of magnetite must represent the composition of the carbo-
hydrothermal fluid from which it was precipitated. Because these secondary mineral 
assemblages are abundant in apatite, strontianite, barite, fluorocarbonates and apatite, and 
because siderite has been oxidized to magnetite, the carbo-hydrothermal fluids must have 
been oxidizing and rich in and capable of transporting P, F, S, Ca, Sr, Ba and LREE. The 
high Nb-Ta in magnetites shows that these generally immobile elements where mobilized. 
Futher, a shift of hydrothermally reworked calcites and siderites toward higher Mn 
compositions compared to their primary equivalents indicates that the fluids were enriched 
in Mn. 
 
6.7. Petrogenesis of the siderite carbonatites 
Mitchell (2005) points out that carbonatites are a versatile rock group representing many 
different types and different origins. The same is likely to be true for ferrocarbonatites, 
which are commonly thought to represent last-stage Fe-rich residua from an evolved 
calcio- to magnesiocarbonatitic magma (Le Bas 1981). Because of fewer occurrences, ready 
weathering of iron carbonates and the lack of extrusive ferrocarbonatite lavas (Woolley and 
Church 2005), the very existence of primary ferrocarbonatite magmas has been debated 
(Woolley and Kempe 1989, Bailey 1993, Gittins and Harmer 1997). Perhaps the most 
convincing candidate to date of a primary ferrocarbonatite comes from ankerite magnetite 
carbonatite dikes in Swartsbooisdrif in Namibia (Thompson et al. 2002). 
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The Grønnedal-Íka carbonatite is markedly different from the Swartsbooisdrif 
ferrocarbonatite in context, mineralogy, textures and geochemistry. The textural and 
mineral chemical evidence presented in this work shows that the unaltered siderite is likely 
to be a primary phase precipitated from an iron rich carbonate melt or fluid. It therefore 
opens a rare possibility to investigate a seemingly different kind of ferrocarbonatite 
petrogenesis from the Swartsbooisdrif carbonatite. 
Whole rock compositions of the Grønnedal-Íka carbonatites reported by other authors 
(Bedford 1989, Goodenough 1997, Taubald et al. 2004) show that a continuum of 
compositions exists from almost pure calciocarbonatite with >50 wt.% CaO and <2 wt.% 
FeO* to ferrocarbonatites sensu Gittins & Harmer (1997), reaching up to 25 wt.% FeO* 
with siderite as the main iron carbonate. 
The apparent continuum between siderite and calcite carbonatites might suggest that they 
originate from the same parental magma by means of fractional crystallization processes. 
Limited experimental studies in isobaric CaO-MgO-FeO-CO2(-H2O) systems show that the 
crystallization follows the sequence calcite-dolomite-ankerite-siderite (Wyllie 1965, Anovitz 
and Essene 1987). Although these results are corroborated by the compositions of 
magmatic dolomites and calcites (Chakhmouradian et al. 2016a) and crystallization 
successions in some natural ferrocarbonatites, e.g. in the Iron Hill carbonatite (Nash 1972), 
it is unclear how crystallization in complex natural multicomponent carbonatitic systems 
proceeds in the highly evolved stage. According to the preliminary results by Wyllie (1965), 
siderite would only stabilized below c. 450°C, after sufficiently high FeO/CaO and 
FeO/MgO ratios are reached in the melt fraction. It is possible that such low temperature 
ferrocarbonatitic magmas can evolve from a calciocarbonatitic parental magma through 
fractional crystallization of calcite and apatite in an analogue to the Oldoinyo Lengai 
natrocarbonatites (Weidendorfer et al. 2017). The Oldoinyo Lengai carbonatites are 
thought to have been separated by liquid immiscibility from an alkaline silicate magma (Le 
Bas 1981, Weidendorfer et al. 2017) as has been suggested for the Grønnedal-Íka 
calciocarbonatites (Taubald et al. 2004, Halama et al. 2005). Indeed, the erupted 
natrocarbonatites from Oldoinyo Lengai are low temperature lavas with temperatures of c. 
490-550°C (Krafft and Keller 1989). 
The lack of primary dolomites in the Grønnedal-Íka carbonatites shows that their parental 
magma/carbo-hydrothermal fluid has been Mg-poor. Instead, early crystallizing calcite 
would at some point be accompanied by ankerite and/or siderite.  
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The Fe-rich carbonates might become physically separated from calcite by crystal 
accumulation processes in a low viscosity carbonatitic melt, due to their greatly differing 
densities, explaining the observed continuum between calciocarbonatitic and 
ferrocarbonatitic compositions. 
 
7. CONCLUSIONS 
 
Heat from a cross-cutting 55 m wide basaltic dike is shown to have driven convection of F, 
CO2, P, Ca, Mn, Ba, Sr, LREE, Nb and Ta enriched hydrothermal fluids which have 
reacted with the Grønnedal-Íka siderite carbonatite. Primary siderite has been replaced by 
magnetite and ankerite to an increasing degree towards the dike contact, accompanied by 
enrichment in LREE and Mn and depletion in Mg. High temperatures close to the dike 
have caused the formation of magnetites which are highly enriched in Ti, Mg, Mn, Zn and 
Nb. The latter reaches 1 wt.%, which is the highest known Nb content in magnetite. These 
magnetites also show positively correlating and high Nb/Ta and Zr/Hf ratios, as a 
consequence of their formation from a F-rich hydrothermal fluid which is capable of 
fractionating these elements. Similarly exotic calcites containing up to c. 3 wt.% Ba and Sr 
and 1 wt.% REEs, making them the most REE-rich calcites in the literature, are found next 
to the dike contact. Hydrothermally reworked calcites are found up to 30 meters from the 
dike contact. These calcites are enriched in Mn, variably depleted in LREEs and show 
elevated Y/Ho of up to 40. Ankerite associated with the breakdown of siderite reaches 
more ferrous compositions than the established solubility limit of c. 70 mol.% CaFe(CO3)2, 
and is therefore interpreted as metastable. Secondary mineral assemblages, which can 
locally occupy > 50 vol.%, are associated with the same hydrothermal event and include 
calcite, ankerite, apatite, barite, strontianite and REE-fluorocarbonates.  
The considerable reworking of the trace element chemistry of primary phases and 
simultaneous addition of secondary mineral assemblages demonstrates that whole rock, 
mineral chemical and isotope data of ferrocarbonatites has to be treated with great care. 
However, the present work also identifies trace element signals which are sensitive to 
alteration and which can therefore be used in conjunction with textural information in 
order to discern between primary and secondary phases.  
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Table A1: Drill hole information         
Drill core Location Elevation (m.a.s.l.) Dip anglea Length (m) Retrieved (%) 
R !N!61°13'15,0''!W!48°02'18,4'' 410 50 200.84 89 
S !N!61°13'16,4''!W!48°02'32,3'' 410 70 99.40 83 
T !N!61°13'17,5''!W!48°02'21,6'' 406 50 175.55 91 
U !N!61°13'15,0''!W!48°02'18,4'' 433 50 155.12 92 
V !N!61°13'12,6''!W!48°02'23,1'' 449 50 58.14 90 
X !N!61°13'13,2''!W!48°02'24,1'' 441 220 61.04 74 
  ! ! ! Total!=!750.09!m Average!=!88% 
a Dip angle is measured clockwise from a NW-SE oriented horizontal line. 
! ! !m.a.s.l. = meters above sea level  
! ! ! !The cores were drilled between 27 June-17 August in 1950 by the Swedish Diamantbergsborrnings A/B by commision of the Danish mining company Kryolitselskabet Øresund A/S. The cores are stored in a cold storage in Kangerlussuaq, Greenland, maintained by the 
Mineral License and Safety Authority of Greenland. 
! ! !!
Table A2: Sample log !! !! !!
Sample ID Sample type(s) Drill hole interval (m) Distance to dike margin (m)a Rock type 
R1  PHC 3.02 - 3.46 29.18 SCB 
R2  PHC 10.18 - 10.46 24.63 SCB 
R3  TS 10.83 - 11.58 24.06 SCB 
R4 PHC 10.83 - 11.58 24.06 SCB 
R5 PHC 16.36 - 16.73 20.63 SCB 
R6 TS 17.73 - 18.83 19.52 SCB 
R7 PHC 17.73 - 18.83 19.52 SCB 
R8 PCH 25.63 - 25.78 14.74 SCB 
R9 PCH 25.63 - 25.78 14.74 SCB 
R10 TS, ThS, PCH 26.84 - 27.15 13.91 SCB 
R11 PCH 32.86 -32.97 10.11 SCB 
R12 PCH 38.89 - 39.15 6.18 SCB 
R13 TS, ThS, PCH 38.89 - 39.15 6.18 SCB 
R14 PCH 45.03 - 45.49 2.17 SCB 
R15 TS, PHC 54.96 - 55.26 -4.16 CCB 
R16 PHC 58.68 - 59.52 -48.27 Basalt 
R17 PHC 71.99 -73.29 -39.57 Basalt 
R19 PHC 92.36 - 93.23 -26.62 Microsyenite 
R20 PHC 115.78 - 117.34 -11.34 Basalt 
R21 TS 123.06 - 123.48 -7.02 Basalt 
R22b TS, PCH 131.90 - 132.03 0.04 CCB 
R23 TS, PCH 137.56 - 137. 85 3.73 Hybrid rock 
R24 TS, ThS, PCH 160.69 - 161.20 18.67 SCB 
R25 TS, ThS, PCH 163.84 - 164.80 20.84 SCB 
R26 TS 181.74 - 182.09 32.15 Calcite syenite 
R27 TS 187.69 - 187.71 35.87 Syenite 
R28 TS 191.61 - 191.67 38.40 Calcite syenite 
R29 TS, ThS, PCH 199.40 - 199.72 43.49 SCB 
S3 TS 13.37 - 14.25 21.50 SCB 
S4 TS 14.74 - 15.80 21.00 SCB 
S5 TS 23.04 - 24.89 18.03 SCB 
S6 TS, ThS 26.68 - 27.39 16.98 SCB 
T5 TS 35.55 - 35. 85 -54.79 Xenolithic basalt 
T6 TS 76.43 - 76.69 -28.52 Basalt 
T12 TS 111.56 - 112.63 -5.67 Basalt 
U3 TS, ThS 17.15 - 17.49 0.24 CCB 
U4 TS 20.83 - 21.16 2.61 CCB 
U5a TS 23.80 - 24.29 4.57 SCB 
U6 TS 41.38 - 41.69 15.81 SCB 
U7 TS 42.23 - 42.68 16.40 SCB 
U8 TS 52.27 - 52.36 22.74 SCB 
U10 TS 63.49 - 64.07 30.43 SCB 
U11 TS 68.13 - 69.22 33.25 SCB 
U12 TS 72.98 - 73.82 36.29 SCB 
U13 TS 75.59 - 76.00 37.83 SCB 
U14 TS 78.85 - 79.31 39.94 SCB 
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Table A2 (continued) !! !! !!
Sample ID Sample type(s) Drill hole interval (m) Distance to dike margin (m)a Rock type 
U15 TS, ThS 83.03 - 83.58 42.66 SCB 
U17 TS 99.74 - 99.97 53.30 SCB 
U18 TS, ThS 108.63 - 109.45 59.20 SCB 
U19 TS 122.16 - 122.20 67.65 SCB 
U22 TS 127.14 - 127.39 70.92 Hybrid rock 
U23 TS 129.10 - 129.25 72.14 Hybrid rock 
U24 TS 130.74 - 130.89 73.20 Hybrid rock 
U25 TS 135.54 - 136.11 76.42 Hybrid rock 
U26 TS 140.00 - 140.66 79.31 Syenite 
U29 TS, ThS 146.19 - 146.37 83.14 SCB 
V6 TS, ThS 60.05 - 60.13  28.48 SCB 
X4 TS 20.78 - 20.99 0.07 CCB 
X5 TS 22.08 - 22.40 0.94 CCB 
a calculated from the drill hole data as perpendicular distance from the SE dike margin, assuming vertical dike dip.  
TS = thin section, prepared by Vancouver Petrographics Ltd., Canada. ThS = thick section (c. 300 μ m), prepared at the University 
of Helsinki by Helena Korkka. PCH = polished half core for reflected light microscopy, prepared by Ranta (2015). 
CCB = Calcite carbonatite, SCB = siderite carbonatite. Rock types are based partly on original classifications (GEUS report no. 
20886) !
!!!!!!!!!!!!!!!!!!!!!!!
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Typical limits of detection (in wt %):  
 
Mg = 0.06, Ca = 0.05, Mn = 0.07, Fe = 0.08, Sr = Ba = 0.16. !
Calcite (Tables B1-14) !
Table B1: Calcite EPMA data 
       Sample R6 R6 R6 R6 R6 R6 R6 R6 R6 R6 
Point Cc60 Cc61 Cc62 Cc63 Cc64 Cc65 Cc66 Cc67 Cc68 Cc69 
Mg (wt.%) 0.135 0.056 0.093 0.204 0.016 0.016 0.078 0.040 0.031 0.075 
Ca 38.777 38.575 38.393 38.825 38.665 38.668 38.919 38.935 38.722 39.098 
Mn 0.345 0.350 0.349 0.354 0.462 0.475 0.292 0.259 0.216 0.265 
Fe 0.572 0.798 0.667 0.554 0.528 0.775 0.578 0.595 0.624 0.575 
Sr 0.175 0.127 0.232 0.108 0.142 0.257 0.213 0.144 0.161 0.169 
Ba 0.063 0.000 0.000 0.061 0.109 0.107 0.023 0.013 0.074 0.000 
           MgO (wt.%) 0.224 0.092 0.154 0.339 0.026 0.027 0.130 0.066 0.052 0.125 
CaO 54.257 53.973 53.719 54.324 54.099 54.105 54.455 54.478 54.180 54.706 
MnO 0.445 0.451 0.450 0.457 0.597 0.614 0.377 0.334 0.279 0.342 
FeO 0.735 1.027 0.859 0.713 0.679 0.997 0.743 0.766 0.803 0.739 
SrO 0.207 0.151 0.274 0.127 0.168 0.303 0.252 0.170 0.190 0.200 
BaO 0.070 0.000 0.000 0.068 0.121 0.120 0.025 0.014 0.083 0.000 
CO2* 43.661 43.433 43.249 43.798 43.379 43.646 43.682 43.579 43.347 43.820 
Total (wt.%) 99.599 99.127 98.705 99.826 99.069 99.811 99.663 99.407 98.935 99.932 
           Mg (apfu) 0.006 0.002 0.004 0.008 0.001 0.001 0.003 0.002 0.001 0.003 
Ca (apfu) 0.975 0.975 0.975 0.973 0.979 0.973 0.978 0.981 0.981 0.980 
Mn (apfu) 0.006 0.006 0.006 0.006 0.009 0.009 0.005 0.005 0.004 0.005 
Fe (apfu) 0.010 0.014 0.012 0.010 0.010 0.014 0.010 0.011 0.011 0.010 
Sr (apfu) 0.002 0.001 0.003 0.001 0.002 0.003 0.002 0.002 0.002 0.002 
Ba (apfu) 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000 !!!
Table B2: Calcite EPMA data 
       Sample R6 R6 R6 R6 R6 R6 R6 R10 R10 R10 
Point Cc70 Cc71 Cc72 Cc73 Cc74 Cc75 Cc76 Cc110 Cc111 Cc112 
Mg (wt.%) 0.069 0.037 0.032 0.053 0.008 0.038 0.006 0.113 0.039 0.055 
Ca 39.088 38.301 39.113 38.909 39.133 38.226 39.250 38.509 38.500 38.890 
Mn 0.409 0.338 0.474 0.502 0.265 0.218 0.262 0.260 0.276 0.227 
Fe 0.618 0.682 0.484 0.507 0.871 0.625 0.665 1.200 1.138 1.015 
Sr 0.054 0.136 0.048 0.287 0.494 0.236 0.133 1.070 0.726 1.059 
Ba 0.000 0.035 0.000 0.000 0.000 0.094 0.026 0.000 0.006 0.105 
           MgO (wt.%) 0.114 0.061 0.052 0.087 0.014 0.064 0.011 0.188 0.065 0.092 
CaO 54.692 53.591 54.727 54.441 54.754 53.486 54.918 53.882 53.869 54.415 
MnO 0.527 0.436 0.612 0.648 0.342 0.282 0.339 0.336 0.356 0.293 
FeO 0.795 0.878 0.623 0.653 1.121 0.803 0.855 1.544 1.463 1.305 
SrO 0.063 0.161 0.057 0.340 0.584 0.279 0.157 1.266 0.859 1.252 
BaO 0.000 0.039 0.000 0.000 0.000 0.105 0.029 0.000 0.006 0.117 
CO2* 43.888 43.013 43.793 43.768 44.134 42.861 43.921 44.184 43.832 44.352 
Total (wt.%) 100.080 98.178 99.863 99.937 100.948 97.879 100.230 101.399 100.451 101.825 
           Mg (apfu) 0.003 0.002 0.001 0.002 0.000 0.002 0.000 0.005 0.002 0.002 
Ca (apfu) 0.978 0.978 0.981 0.976 0.974 0.979 0.981 0.957 0.965 0.963 
Mn (apfu) 0.007 0.006 0.009 0.009 0.005 0.004 0.005 0.005 0.005 0.004 
Fe (apfu) 0.011 0.012 0.009 0.009 0.016 0.011 0.012 0.021 0.020 0.018 
Sr (apfu) 0.001 0.002 0.001 0.003 0.006 0.003 0.002 0.012 0.008 0.012 
Ba (apfu) 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 !!
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Table B3: Calcite EPMA data 
       Sample R10 R10 R10 R10 R10 R10 R10 R10 R10 R10 
Point Cc114 Cc115 Cc116 Cc117 Cc118 Cc119 Cc120 Cc121 Cc122 Cc123 
Mg (wt.%) 0.045 0.039 0.040 0.041 0.017 0.030 0.052 0.037 0.058 0.014 
Ca 39.241 38.811 39.259 39.555 39.583 38.287 38.718 38.010 38.856 39.065 
Mn 0.238 0.282 0.245 0.227 0.194 0.241 0.379 0.346 0.226 0.280 
Fe 0.469 0.736 0.641 0.765 0.806 0.748 0.777 0.544 0.739 0.789 
Sr 0.271 0.223 0.300 0.432 0.399 0.504 0.343 0.270 0.195 0.402 
Ba 0.026 0.000 0.051 0.125 0.109 0.017 0.000 0.000 0.030 0.069 
           MgO (wt.%) 0.075 0.065 0.066 0.068 0.028 0.050 0.085 0.061 0.096 0.024 
CaO 54.906 54.304 54.931 55.345 55.385 53.570 54.174 53.184 54.366 54.660 
MnO 0.307 0.364 0.316 0.293 0.250 0.311 0.490 0.446 0.292 0.362 
FeO 0.604 0.947 0.825 0.984 1.037 0.962 1.000 0.700 0.951 1.015 
SrO 0.321 0.263 0.355 0.510 0.472 0.596 0.406 0.319 0.231 0.475 
BaO 0.029 0.000 0.057 0.139 0.122 0.018 0.000 0.000 0.033 0.077 
CO2* 43.878 43.607 44.050 44.550 44.523 43.138 43.699 42.647 43.644 43.994 
Total (wt.%) 100.121 99.550 100.600 101.889 101.816 98.645 99.854 97.356 99.615 100.608 
           Mg (apfu) 0.002 0.002 0.002 0.002 0.001 0.001 0.002 0.002 0.002 0.001 
Ca (apfu) 0.982 0.977 0.979 0.975 0.976 0.975 0.973 0.979 0.978 0.975 
Mn (apfu) 0.004 0.005 0.004 0.004 0.003 0.004 0.007 0.006 0.004 0.005 
Fe (apfu) 0.008 0.013 0.011 0.014 0.014 0.014 0.014 0.010 0.013 0.014 
Sr (apfu) 0.003 0.003 0.003 0.005 0.004 0.006 0.004 0.003 0.002 0.005 
Ba (apfu) 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.001 !!!
Table B4: Calcite EPMA data 
       Sample R13 R13 R13 R13 R13 R13 R13 R13 R14 R14 
Point Cc46 Cc47 Cc50 Cc52 Cc53 Cc54 Cc55 Cc56 Cc124 Cc125 
Mg (wt.%) 0.866 0.456 0.052 0.488 0.046 0.351 0.187 0.322 0.051 0.040 
Ca 37.861 38.003 39.178 38.307 38.933 38.443 38.434 37.485 38.931 39.288 
Mn 0.824 0.601 0.358 0.915 0.384 0.654 0.366 0.731 0.250 0.228 
Fe 0.419 0.495 0.481 0.393 0.827 0.544 0.541 1.491 0.331 0.390 
Sr 0.385 0.358 0.345 0.319 0.324 0.449 0.521 0.739 0.635 0.239 
Ba 0.000 0.000 0.000 0.000 0.000 0.060 0.147 0.228 0.023 0.077 
           MgO (wt.%) 1.436 0.756 0.087 0.810 0.076 0.582 0.310 0.534 0.084 0.067 
CaO 52.975 53.174 54.818 53.599 54.475 53.790 53.776 52.449 54.472 54.972 
MnO 1.064 0.776 0.462 1.181 0.495 0.844 0.473 0.944 0.323 0.294 
FeO 0.539 0.637 0.618 0.505 1.063 0.700 0.696 1.918 0.425 0.502 
SrO 0.455 0.423 0.408 0.377 0.383 0.531 0.616 0.874 0.751 0.283 
BaO 0.000 0.000 0.000 0.000 0.000 0.067 0.164 0.255 0.025 0.086 
CO2* 44.327 43.609 43.955 44.152 43.956 44.047 43.572 43.950 43.629 43.851 
Total (wt.%) 100.796 99.376 100.348 100.624 100.448 100.560 99.607 100.923 99.708 100.055 
           Mg (apfu) 0.035 0.019 0.002 0.020 0.002 0.014 0.008 0.013 0.002 0.002 
Ca (apfu) 0.938 0.957 0.979 0.953 0.973 0.958 0.969 0.937 0.980 0.984 
Mn (apfu) 0.015 0.011 0.007 0.017 0.007 0.012 0.007 0.013 0.005 0.004 
Fe (apfu) 0.007 0.009 0.009 0.007 0.015 0.010 0.010 0.027 0.006 0.007 
Sr (apfu) 0.004 0.004 0.004 0.004 0.004 0.005 0.006 0.008 0.007 0.003 
Ba (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.002 0.000 0.001 !!!!!!
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Table B5: Calcite EPMA data 
       Sample R14 R14 R14 R14 R14 R14 R14 R14 R14 R24 
Point Cc126 Cc127 Cc128 Cc129 Cc130 Cc131 Cc132 Cc133 Cc134 Cc1 
Mg (wt.%) 0.042 0.096 0.060 0.010 0.074 0.156 1.124 0.047 0.071 0.117 
Ca 38.633 38.657 38.745 38.959 38.787 38.872 35.131 37.984 38.623 38.901 
Mn 0.294 0.283 0.319 0.183 0.358 0.205 1.723 0.427 0.338 0.615 
Fe 0.452 0.524 0.313 0.295 0.328 0.310 1.155 0.319 0.382 0.961 
Sr 0.703 0.407 0.517 0.089 0.297 0.198 0.311 0.295 0.284 0.000 
Ba 0.105 0.161 0.078 0.000 0.054 0.143 0.191 0.163 0.021 0.016 
           MgO (wt.%) 0.070 0.159 0.100 0.016 0.122 0.259 1.864 0.077 0.118 0.194 
CaO 54.055 54.089 54.211 54.511 54.270 54.389 49.155 53.147 54.041 54.431 
MnO 0.379 0.365 0.411 0.236 0.462 0.264 2.224 0.552 0.436 0.794 
FeO 0.582 0.674 0.402 0.380 0.422 0.399 1.486 0.410 0.491 1.236 
SrO 0.831 0.482 0.611 0.105 0.351 0.234 0.368 0.349 0.336 0.000 
BaO 0.117 0.180 0.087 0.000 0.060 0.159 0.213 0.182 0.023 0.017 
CO2* 43.478 43.519 43.441 43.222 43.437 43.521 43.120 42.589 43.262 44.184 
Total (wt.%) 99.512 99.467 99.263 98.471 99.124 99.225 98.431 97.305 98.707 100.856 
           Mg (apfu) 0.002 0.004 0.003 0.000 0.003 0.006 0.047 0.002 0.003 0.005 
Ca (apfu) 0.976 0.975 0.979 0.990 0.981 0.981 0.895 0.979 0.980 0.967 
Mn (apfu) 0.005 0.005 0.006 0.003 0.007 0.004 0.032 0.008 0.006 0.011 
Fe (apfu) 0.008 0.009 0.006 0.005 0.006 0.006 0.021 0.006 0.007 0.017 
Sr (apfu) 0.008 0.005 0.006 0.001 0.003 0.002 0.004 0.003 0.003 0.000 
Ba (apfu) 0.001 0.001 0.001 0.000 0.000 0.001 0.001 0.001 0.000 0.000 !!!
Table B6: Calcite EPMA data 
       Sample R24 R24 R24 R24 R24 R24 R24 R24 R24 R24 
Point Cc2 Cc3 Cc4 Cc5 Cc6 Cc8 Cc9 Cc10 Cc11 Cc12 
Mg (wt.%) 0.126 0.042 0.039 0.201 0.055 0.076 0.154 0.073 0.059 0.036 
Ca 38.065 37.633 37.609 37.650 38.316 38.336 37.870 38.779 38.385 38.346 
Mn 0.714 0.853 0.511 0.854 0.741 0.665 1.025 0.412 0.737 0.645 
Fe 0.762 0.907 0.926 1.189 0.884 0.907 0.844 0.658 0.832 0.814 
Sr 0.244 0.391 0.294 0.310 0.000 0.369 0.262 0.177 0.158 0.360 
Ba 0.017 0.082 0.024 0.000 0.083 0.000 0.011 0.000 0.055 0.014 
           MgO (wt.%) 0.209 0.070 0.065 0.333 0.090 0.127 0.256 0.120 0.098 0.059 
CaO 53.260 52.656 52.622 52.680 53.611 53.639 52.987 54.259 53.709 53.654 
MnO 0.922 1.102 0.660 1.103 0.956 0.858 1.323 0.532 0.952 0.833 
FeO 0.981 1.167 1.192 1.529 1.137 1.167 1.085 0.846 1.070 1.047 
SrO 0.289 0.463 0.348 0.367 0.000 0.436 0.310 0.209 0.186 0.426 
BaO 0.019 0.092 0.027 0.000 0.093 0.000 0.012 0.000 0.062 0.016 
CO2* 43.328 43.023 42.665 43.484 43.489 43.668 43.485 43.652 43.601 43.517 
Total (wt.%) 99.007 98.571 97.578 99.495 99.377 99.895 99.458 99.618 99.677 99.552 
           Mg (apfu) 0.005 0.002 0.002 0.008 0.002 0.003 0.006 0.003 0.002 0.001 
Ca (apfu) 0.965 0.961 0.968 0.951 0.967 0.964 0.956 0.976 0.967 0.968 
Mn (apfu) 0.013 0.016 0.010 0.016 0.014 0.012 0.019 0.008 0.014 0.012 
Fe (apfu) 0.014 0.017 0.017 0.022 0.016 0.016 0.015 0.012 0.015 0.015 
Sr (apfu) 0.003 0.005 0.003 0.004 0.000 0.004 0.003 0.002 0.002 0.004 
Ba (apfu) 0.000 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 !!!!!!!
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Table B7: Calcite EPMA data 
       Sample R24 R24 R24 R24 R24 R24 R29 R25 R25 R25 
Point Cc14 Cc15 Cc16 Cc17 Cc18 Cc19 Cc20 Cc35 Cc36 Cc37 
Mg (wt.%) 0.091 0.076 0.037 0.079 0.103 0.049 0.017 0.048 0.043 0.055 
Ca 39.017 38.840 38.007 39.343 38.591 37.941 39.514 37.706 39.119 37.578 
Mn 0.801 0.584 0.970 0.667 0.439 0.664 0.227 0.361 0.380 0.359 
Fe 0.765 0.853 0.867 0.834 1.031 0.709 0.787 0.870 0.603 0.996 
Sr 0.292 0.048 0.464 0.135 0.235 0.276 0.231 0.219 0.155 0.409 
Ba 0.000 0.051 0.033 0.000 0.000 0.085 0.167 0.001 0.093 0.000 
           MgO (wt.%) 0.151 0.127 0.061 0.131 0.171 0.082 0.029 0.080 0.071 0.092 
CaO 54.592 54.345 53.180 55.048 53.996 53.087 55.287 52.757 54.735 52.579 
MnO 1.035 0.754 1.253 0.861 0.567 0.857 0.293 0.466 0.490 0.464 
FeO 0.984 1.098 1.116 1.073 1.326 0.912 1.012 1.119 0.776 1.281 
SrO 0.345 0.057 0.549 0.160 0.278 0.326 0.273 0.259 0.184 0.483 
BaO 0.000 0.057 0.037 0.000 0.000 0.094 0.187 0.001 0.103 0.000 
CO2* 44.401 43.970 43.507 44.606 43.846 43.008 44.393 42.576 43.922 42.642 
Total (wt.%) 101.508 100.407 99.703 101.879 100.184 98.365 101.474 97.257 100.281 97.541 
           Mg (apfu) 0.004 0.003 0.002 0.003 0.004 0.002 0.001 0.002 0.002 0.002 
Ca (apfu) 0.965 0.970 0.959 0.969 0.967 0.969 0.977 0.972 0.978 0.968 
Mn (apfu) 0.014 0.011 0.018 0.012 0.008 0.012 0.004 0.007 0.007 0.007 
Fe (apfu) 0.014 0.015 0.016 0.015 0.019 0.013 0.014 0.016 0.011 0.018 
Sr (apfu) 0.003 0.001 0.005 0.002 0.003 0.003 0.003 0.003 0.002 0.005 
Ba (apfu) 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.001 0.000 !!!
Table B8: Calcite EPMA data 
       Sample R25 R25 R25 R25 R25 R25 R25 R29 R29 R29 
Point Cc39 Cc40 Cc41 Cc42 Cc43 Cc44 Cc45 Cc21 Cc22 Cc23 
Mg (wt.%) 0.011 0.046 0.034 0.061 0.064 0.069 0.040 0.026 0.032 0.059 
Ca 37.936 38.290 38.408 38.453 38.445 38.281 38.742 38.688 38.018 38.525 
Mn 0.210 0.439 0.537 0.128 0.398 0.454 0.335 0.226 0.228 0.262 
Fe 0.935 0.787 0.830 0.984 1.017 0.764 0.781 0.845 1.022 0.740 
Sr 0.460 0.289 0.119 0.239 0.036 0.194 0.231 0.257 0.611 0.137 
Ba 0.026 0.000 0.032 0.072 0.000 0.022 0.033 0.031 0.026 0.072 
           MgO (wt.%) 0.018 0.076 0.057 0.100 0.107 0.114 0.066 0.043 0.052 0.097 
CaO 53.079 53.576 53.740 53.803 53.792 53.562 54.208 54.132 53.194 53.903 
MnO 0.271 0.566 0.693 0.165 0.514 0.586 0.433 0.292 0.295 0.338 
FeO 1.203 1.013 1.067 1.265 1.308 0.982 1.005 1.087 1.315 0.951 
SrO 0.544 0.342 0.140 0.282 0.042 0.229 0.274 0.303 0.723 0.162 
BaO 0.029 0.000 0.036 0.080 0.000 0.025 0.037 0.035 0.029 0.081 
CO2* 42.821 43.247 43.391 43.356 43.471 43.230 43.626 43.516 43.108 43.295 
Total (wt.%) 97.966 98.820 99.125 99.053 99.233 98.727 99.648 99.408 98.715 98.828 
           Mg (apfu) 0.000 0.002 0.001 0.003 0.003 0.003 0.002 0.001 0.001 0.002 
Ca (apfu) 0.973 0.972 0.972 0.974 0.971 0.972 0.975 0.976 0.968 0.977 
Mn (apfu) 0.004 0.008 0.010 0.002 0.007 0.008 0.006 0.004 0.004 0.005 
Fe (apfu) 0.017 0.014 0.015 0.018 0.018 0.014 0.014 0.015 0.019 0.013 
Sr (apfu) 0.005 0.003 0.001 0.003 0.000 0.002 0.003 0.003 0.007 0.002 
Ba (apfu) 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.001 !!!!!!!
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Table B9: Calcite EPMA data 
       Sample R29 R29 R29 R29 R29 R29 R29 R29 R29 R29 
Point Cc25 Cc26 Cc27 Cc28 Cc29 Cc30 Cc31 Cc32 Cc33 Cc34 
Mg (wt.%) 0.014 0.028 0.017 0.015 0.040 0.016 0.000 0.000 0.000 0.004 
Ca 38.662 38.463 38.629 37.653 38.965 38.831 38.716 39.192 38.735 38.143 
Mn 0.091 0.243 0.260 0.261 0.195 0.041 0.161 0.280 0.086 0.157 
Fe 0.788 0.736 0.763 1.283 0.667 0.706 0.754 0.919 0.905 0.854 
Sr 0.182 0.427 0.434 0.189 0.280 0.366 0.347 0.451 0.320 0.409 
Ba 0.000 0.020 0.025 0.000 0.047 0.007 0.053 0.017 0.044 0.050 
           MgO (wt.%) 0.023 0.047 0.028 0.026 0.067 0.027 0.000 0.000 0.000 0.006 
CaO 54.095 53.818 54.049 52.683 54.519 54.332 54.172 54.837 54.198 53.370 
MnO 0.118 0.314 0.336 0.337 0.251 0.053 0.208 0.362 0.110 0.202 
FeO 1.014 0.947 0.982 1.650 0.858 0.909 0.970 1.182 1.164 1.099 
SrO 0.215 0.504 0.513 0.223 0.331 0.433 0.410 0.533 0.378 0.483 
BaO 0.000 0.023 0.028 0.000 0.052 0.008 0.059 0.018 0.049 0.055 
CO2* 43.265 43.283 43.485 42.689 43.697 43.444 43.429 44.216 43.492 42.911 
Total (wt.%) 98.730 98.936 99.420 97.607 99.776 99.205 99.249 101.148 99.392 98.127 
           Mg (apfu) 0.001 0.001 0.001 0.001 0.002 0.001 0.000 0.000 0.000 0.000 
Ca (apfu) 0.981 0.976 0.975 0.969 0.979 0.981 0.979 0.973 0.978 0.976 
Mn (apfu) 0.002 0.004 0.005 0.005 0.004 0.001 0.003 0.005 0.002 0.003 
Fe (apfu) 0.014 0.013 0.014 0.024 0.012 0.013 0.014 0.016 0.016 0.016 
Sr (apfu) 0.002 0.005 0.005 0.002 0.003 0.004 0.004 0.005 0.004 0.005 
Ba (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 !!!
Table B10: Calcite EPMA data 
       Sample U3 U3 U3 U3 U3 U3 U3 U3 U3 
Point Cc92 Cc92b Cc95 Cc96 Cc97 Cc98 Cc99 Cc100 Cc101 
Mg (wt.%) 0.265 0.262 0.185 0.184 0.276 0.192 0.166 0.155 0.157 
Ca 35.653 36.080 36.753 36.804 35.702 37.731 37.651 36.853 37.597 
Mn 0.170 0.178 0.182 0.165 0.166 0.135 0.138 0.167 0.153 
Fe 0.093 0.044 0.041 0.000 0.050 0.029 0.029 0.012 0.009 
Sr 4.242 4.223 2.561 2.721 3.472 1.865 1.704 2.252 2.090 
Ba 2.556 1.818 2.838 3.085 3.077 1.999 2.107 2.333 2.275 
          MgO (wt.%) 0.440 0.434 0.307 0.305 0.458 0.318 0.276 0.257 0.260 
CaO 49.885 50.484 51.424 51.495 49.954 52.793 52.682 51.565 52.606 
MnO 0.219 0.229 0.235 0.212 0.214 0.175 0.178 0.216 0.198 
FeO 0.120 0.056 0.053 0.000 0.064 0.038 0.038 0.015 0.011 
SrO 5.017 4.995 3.028 3.217 4.106 2.206 2.015 2.663 2.472 
BaO 2.854 2.029 3.169 3.444 3.435 2.232 2.353 2.605 2.540 
CO2* 42.790 42.975 43.067 43.234 42.606 43.489 43.311 42.771 43.478 
Total (wt.%) 101.325 101.202 101.283 101.908 100.838 101.251 100.852 100.091 101.565 
          Mg (apfu) 0.011 0.011 0.008 0.008 0.012 0.008 0.007 0.007 0.007 
Ca (apfu) 0.915 0.922 0.937 0.935 0.920 0.953 0.955 0.946 0.950 
Mn (apfu) 0.003 0.003 0.003 0.003 0.003 0.002 0.003 0.003 0.003 
Fe (apfu) 0.002 0.001 0.001 0.000 0.001 0.001 0.001 0.000 0.000 
Sr (apfu) 0.050 0.049 0.030 0.032 0.041 0.022 0.020 0.026 0.024 
Ba (apfu) 0.019 0.014 0.021 0.023 0.023 0.015 0.016 0.017 0.017 !!!!!!!
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Table B11: Calcite EPMA data 
      Sample U3 U3 U3 U3 U15 U15 U15 U15 U15 
Point Cc102 Cc104 Cc105 Cc108 Cc77 Cc79 Cc81 Cc82 Cc84 
Mg (wt.%) 0.186 0.189 0.239 0.331 0.066 0.039 0.076 0.038 0.063 
Ca 37.445 35.693 37.954 38.546 37.983 39.366 39.245 38.120 38.483 
Mn 0.138 0.121 1.882 1.162 0.264 0.300 0.469 0.205 0.437 
Fe 0.062 0.065 0.251 0.263 0.908 0.631 0.731 0.842 0.785 
Sr 1.738 2.399 0.901 0.895 0.481 0.215 0.368 0.448 0.473 
Ba 2.107 2.553 0.188 0.052 0.079 0.000 0.002 0.000 0.000 
          MgO (wt.%) 0.308 0.314 0.395 0.549 0.109 0.065 0.126 0.063 0.104 
CaO 52.392 49.942 53.105 53.933 53.146 55.081 54.911 53.337 53.845 
MnO 0.178 0.157 2.430 1.501 0.341 0.387 0.606 0.265 0.564 
FeO 0.080 0.083 0.323 0.339 1.169 0.812 0.940 1.083 1.010 
SrO 2.055 2.837 1.066 1.059 0.569 0.255 0.435 0.530 0.559 
BaO 2.353 2.851 0.210 0.058 0.088 0.000 0.003 0.000 0.000 
CO2* 43.162 41.708 44.328 44.532 43.023 44.145 44.369 42.981 43.578 
Total (wt.%) 100.527 97.891 101.857 101.970 98.444 100.744 101.390 98.258 99.660 
          Mg (apfu) 0.008 0.008 0.010 0.013 0.003 0.002 0.003 0.002 0.003 
Ca (apfu) 0.953 0.940 0.940 0.950 0.969 0.979 0.971 0.974 0.970 
Mn (apfu) 0.003 0.002 0.034 0.021 0.005 0.005 0.008 0.004 0.008 
Fe (apfu) 0.001 0.001 0.004 0.005 0.017 0.011 0.013 0.015 0.014 
Sr (apfu) 0.020 0.029 0.010 0.010 0.006 0.002 0.004 0.005 0.005 
Ba (apfu) 0.016 0.020 0.001 0.000 0.001 0.000 0.000 0.000 0.000 !!!
Table B12: Calcite EPMA data 
      Sample U15 U15 U15 U15 U18 U18 U18 X5 X5 
Point Cc85 Cc85b Cc87 Cc88 Cc57 Cc58 Cc59 Cc135 Cc136 
Mg (wt.%) 0.034 0.040 0.068 0.013 0.382 0.280 4.404 0.194 0.276 
Ca 38.635 39.237 39.180 39.716 34.892 36.077 19.309 37.070 36.986 
Mn 0.301 0.238 0.166 0.435 1.279 1.310 7.050 1.181 1.113 
Fe 0.884 0.594 0.850 0.675 1.385 0.659 9.294 1.417 0.431 
Sr 0.091 0.000 0.333 0.247 1.403 2.102 1.109 1.013 1.209 
Ba 0.028 0.000 0.083 0.000 0.731 0.714 0.139 0.022 0.118 
          MgO (wt.%) 0.056 0.066 0.113 0.021 0.633 0.464 7.302 0.322 0.457 
CaO 54.057 54.900 54.821 55.571 48.821 50.479 27.017 51.868 51.750 
MnO 0.388 0.307 0.214 0.561 1.652 1.691 9.103 1.525 1.437 
FeO 1.137 0.764 1.094 0.869 1.781 0.848 11.957 1.822 0.554 
SrO 0.107 0.000 0.393 0.292 1.659 2.485 1.311 1.198 1.430 
BaO 0.032 0.000 0.092 0.000 0.817 0.798 0.155 0.024 0.132 
CO2* 43.478 43.817 44.144 44.640 42.061 42.977 42.750 43.636 42.988 
Total (wt.%) 99.255 99.854 100.873 101.953 97.424 99.743 99.595 100.395 98.747 
          Mg (apfu) 0.001 0.002 0.003 0.001 0.016 0.012 0.187 0.008 0.012 
Ca (apfu) 0.976 0.983 0.975 0.977 0.911 0.922 0.496 0.933 0.945 
Mn (apfu) 0.006 0.004 0.003 0.008 0.024 0.024 0.132 0.022 0.021 
Fe (apfu) 0.016 0.011 0.015 0.012 0.026 0.012 0.171 0.026 0.008 
Sr (apfu) 0.001 0.000 0.004 0.003 0.017 0.025 0.013 0.012 0.014 
Ba (apfu) 0.000 0.000 0.001 0.000 0.006 0.005 0.001 0.000 0.001 !!!!!!
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Table B13: Calcite EPMA data 
      Sample X5 X5 X5 X5 X5 X5 X5 X5 X5 
Point Cc137 Cc138 Cc140 Cc142 Cc143 Cc145 Cc146 Cc148 Cc149 
Mg (wt.%) 0.143 0.295 0.192 0.238 0.254 0.159 0.213 0.186 0.225 
Ca 36.849 36.499 37.307 36.959 37.673 37.130 36.360 37.485 36.577 
Mn 0.901 1.147 1.124 0.902 0.949 1.154 1.007 1.215 1.046 
Fe 1.008 0.624 0.751 0.484 0.538 0.995 0.781 0.411 0.606 
Sr 0.819 1.126 1.070 1.481 1.099 0.780 1.222 0.571 1.537 
Ba 0.000 0.003 0.193 0.107 0.114 0.088 0.194 0.020 0.044 
          MgO (wt.%) 0.238 0.489 0.319 0.395 0.421 0.264 0.353 0.309 0.373 
CaO 51.559 51.069 52.200 51.712 52.712 51.952 50.875 52.449 51.178 
MnO 1.164 1.481 1.451 1.165 1.225 1.490 1.300 1.569 1.351 
FeO 1.296 0.803 0.966 0.623 0.692 1.281 1.005 0.528 0.779 
SrO 0.969 1.332 1.265 1.752 1.300 0.923 1.445 0.675 1.817 
BaO 0.000 0.004 0.215 0.120 0.127 0.099 0.216 0.022 0.049 
CO2* 42.651 42.590 43.407 42.898 43.601 43.190 42.412 43.090 42.674 
Total (wt.%) 97.876 97.765 99.825 98.665 100.078 99.199 97.607 98.642 98.221 
          Mg (apfu) 0.006 0.013 0.008 0.010 0.011 0.007 0.009 0.008 0.010 
Ca (apfu) 0.949 0.941 0.944 0.946 0.949 0.944 0.941 0.955 0.941 
Mn (apfu) 0.017 0.022 0.021 0.017 0.017 0.021 0.019 0.023 0.020 
Fe (apfu) 0.019 0.012 0.014 0.009 0.010 0.018 0.015 0.008 0.011 
Sr (apfu) 0.010 0.013 0.012 0.017 0.013 0.009 0.014 0.007 0.018 
Ba (apfu) 0.000 0.000 0.001 0.001 0.001 0.001 0.001 0.000 0.000 !!!
Table B14: Calcite EPMA data 
  Sample X5 X5 X5 X5 X5 
Point Cc151 Cc152 Cc159 Cc160 Cc161 
Mg (wt.%) 0.221 0.211 0.233 0.408 0.254 
Ca 36.342 36.387 37.291 37.262 37.206 
Mn 1.207 1.035 1.169 1.220 1.627 
Fe 0.839 1.200 0.731 0.285 0.690 
Sr 0.763 1.220 0.941 1.557 0.480 
Ba 0.000 0.016 0.000 0.138 0.041 
      MgO (wt.%) 0.366 0.350 0.386 0.677 0.422 
CaO 50.850 50.912 52.177 52.137 52.059 
MnO 1.559 1.336 1.510 1.576 2.101 
FeO 1.079 1.543 0.941 0.366 0.887 
SrO 0.902 1.443 1.113 1.841 0.567 
BaO 0.000 0.018 0.000 0.154 0.046 
CO2* 42.319 42.731 43.356 43.685 43.418 
Total (wt.%) 97.075 98.334 99.481 100.436 99.500 
      Mg (apfu) 0.009 0.009 0.010 0.017 0.011 
Ca (apfu) 0.943 0.935 0.944 0.937 0.941 
Mn (apfu) 0.023 0.019 0.022 0.022 0.030 
Fe (apfu) 0.016 0.022 0.013 0.005 0.013 
Sr (apfu) 0.009 0.014 0.011 0.018 0.006 
Ba (apfu) 0.000 0.000 0.000 0.001 0.000 !!!!!!!
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Siderite (Tables B15-20) !
Table B15: Siderite EPMA data 
! ! ! ! ! ! !Sample R6 R6 R6 R10 R13 R13 R13 R13 R13 R13 
Point sd59 sd60 sd61 sd77 sd36 sd37 sd38 sd39 sd40 sd41 
Mg (wt.% 0.770 1.346 0.757 1.775 1.392 1.905 1.422 1.577 1.581 1.939 
Ca 0.514 0.571 0.594 0.052 0.378 0.527 0.507 0.361 0.256 0.854 
Mn 1.238 3.307 1.263 2.207 1.910 2.450 2.182 1.997 1.874 4.289 
Fe 43.899 40.554 44.100 43.587 42.659 40.629 41.943 42.654 42.827 38.852 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba 0.000 0.000 0.067 0.117 0.000 0.000 0.000 0.000 0.000 0.093 
           MgO (wt.%) 1.277 2.231 1.255 2.944 2.307 3.159 2.358 2.615 2.621 3.216 
CaO 0.718 0.799 0.831 0.073 0.528 0.738 0.709 0.505 0.358 1.194 
MnO 1.598 4.270 1.631 2.850 2.467 3.163 2.817 2.578 2.420 5.538 
FeO 56.475 52.172 56.735 56.074 54.881 52.268 53.959 54.873 55.096 49.983 
SrO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
BaO 0.000 0.000 0.075 0.131 0.000 0.000 0.000 0.000 0.000 0.104 
CO2* 37.545 37.672 37.810 39.427 38.083 38.009 37.932 38.466 38.395 38.533 
Total (wt.%) 97.615 97.143 98.337 101.498 98.266 97.337 97.775 99.038 98.890 98.567 
           Mg (apfu) 0.037 0.065 0.036 0.082 0.066 0.091 0.068 0.074 0.075 0.091 
Ca (apfu) 0.015 0.017 0.017 0.001 0.011 0.015 0.015 0.010 0.007 0.024 
Mn (apfu) 0.026 0.070 0.027 0.045 0.040 0.052 0.046 0.042 0.039 0.089 
Fe (apfu) 0.921 0.848 0.919 0.871 0.883 0.842 0.871 0.874 0.879 0.795 
Sr (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba (apfu) 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.000 0.000 0.001 !!!
Table B16: Siderite EPMA data 
! ! ! ! ! ! !Sample R24 R24 R24 R24 R24 R24 R24 R24 R24 R24 
Point sd1 sd2 sd3 sd4 sd5 sd6 sd7 sd8 sd10 sd11 
Mg (wt.%) 1.675 1.723 1.758 1.753 1.749 2.167 1.697 1.710 1.954 1.809 
Ca 0.222 0.250 0.094 0.199 0.158 0.320 0.132 0.298 0.312 0.309 
Mn 3.833 3.782 3.534 4.304 3.613 3.374 3.714 3.483 3.195 3.575 
Fe 41.267 41.542 41.237 40.919 40.851 40.638 40.994 40.538 41.294 39.873 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba 0.000 0.000 0.000 0.043 0.000 0.000 0.000 0.012 0.000 0.058 
           MgO (wt.%) 2.777 2.858 2.916 2.906 2.900 3.594 2.814 2.835 3.241 3.000 
CaO 0.311 0.349 0.131 0.279 0.221 0.448 0.185 0.417 0.437 0.432 
MnO 4.950 4.883 4.563 5.557 4.665 4.356 4.796 4.497 4.126 4.615 
FeO 53.090 53.443 53.051 52.642 52.555 52.280 52.738 52.151 53.124 51.296 
SrO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
BaO 0.000 0.000 0.000 0.048 0.000 0.000 0.000 0.013 0.000 0.065 
CO2* 38.869 39.162 38.615 39.101 38.428 39.004 38.499 38.164 38.984 37.919 
Total 99.996 100.695 99.275 100.534 98.769 99.682 99.031 98.078 99.913 97.328 
           Mg (apfu) 0.078 0.080 0.082 0.081 0.082 0.101 0.080 0.081 0.091 0.086 
Ca (apfu) 0.006 0.007 0.003 0.006 0.005 0.009 0.004 0.009 0.009 0.009 
Mn (apfu) 0.079 0.077 0.073 0.088 0.075 0.069 0.077 0.073 0.066 0.076 
Fe (apfu) 0.837 0.836 0.842 0.825 0.838 0.821 0.839 0.837 0.835 0.829 
Sr (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 !!!!!
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Table B17: Siderite EPMA data 
! ! ! ! ! ! !Sample R24 R24 R24 R24 R24 R24 R25 R25 R25 R25 
Point sd12 sd13 sd14 sd15 sd16 sd17 sd20 sd21 sd22 sd23 
Mg (wt.%) 1.568 1.633 1.660 1.650 1.746 1.809 1.630 1.641 2.153 1.718 
Ca 0.124 0.205 0.320 0.253 0.134 0.104 0.166 0.131 0.269 0.185 
Mn 3.686 3.728 3.686 4.123 3.609 3.682 3.532 3.622 3.096 3.854 
Fe 41.657 40.498 40.362 41.618 40.335 40.697 42.355 41.220 39.831 41.484 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba 0.044 0.000 0.000 0.000 0.000 0.015 0.015 0.000 0.008 0.038 
           MgO (wt.%) 2.601 2.709 2.753 2.736 2.895 3.000 2.703 2.721 3.570 2.849 
CaO 0.174 0.287 0.448 0.354 0.187 0.145 0.232 0.184 0.377 0.259 
MnO 4.759 4.814 4.759 5.324 4.660 4.754 4.561 4.676 3.998 4.977 
FeO 53.591 52.100 51.925 53.541 51.890 52.357 54.489 53.029 51.242 53.368 
SrO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
BaO 0.049 0.000 0.000 0.000 0.000 0.017 0.016 0.000 0.008 0.042 
CO2* 38.772 38.084 38.118 39.366 37.985 38.416 39.346 38.501 38.065 39.106 
Total (wt.%) 99.946 97.993 98.003 101.321 97.617 98.689 101.347 99.111 97.259 100.600 
           Mg (apfu) 0.073 0.078 0.079 0.076 0.083 0.085 0.075 0.077 0.102 0.080 
Ca (apfu) 0.004 0.006 0.009 0.007 0.004 0.003 0.005 0.004 0.008 0.005 
Mn (apfu) 0.076 0.078 0.077 0.084 0.076 0.077 0.072 0.075 0.065 0.079 
Fe (apfu) 0.847 0.838 0.834 0.833 0.837 0.835 0.848 0.844 0.825 0.836 
Sr (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 !!!
Table B18: Siderite EPMA data 
! ! ! ! ! ! !Sample R25 R25 R25 R25 R25 R25 R25 R25 R25 R25 
Point sd24 sd25 sd26 sd27 sd28 sd29 sd30 sd31 sd32 sd33 
Mg (wt.%) 1.652 1.526 1.645 1.649 1.603 1.646 1.759 1.766 1.641 1.761 
Ca 0.178 0.139 0.311 0.085 0.303 0.378 0.290 0.260 0.408 0.248 
Mn 4.055 3.686 3.637 3.643 3.931 3.754 3.703 3.693 3.673 3.973 
Fe 40.705 41.365 41.380 41.102 41.724 41.552 41.460 41.034 40.732 41.384 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba 0.000 0.000 0.000 0.132 0.000 0.000 0.000 0.073 0.051 0.001 
           MgO (wt.%) 2.739 2.531 2.727 2.735 2.658 2.729 2.916 2.929 2.722 2.920 
CaO 0.250 0.194 0.435 0.118 0.423 0.529 0.405 0.364 0.571 0.347 
MnO 5.236 4.760 4.696 4.704 5.075 4.847 4.782 4.769 4.743 5.130 
FeO 52.366 53.216 53.234 52.878 53.677 53.456 53.338 52.790 52.401 53.241 
SrO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
BaO 0.000 0.000 0.000 0.147 0.000 0.000 0.000 0.082 0.057 0.001 
CO2* 38.514 38.467 38.842 38.431 39.264 39.149 39.142 38.804 38.479 39.258 
Total (wt.%) 99.104 99.167 99.935 99.011 101.098 100.711 100.583 99.737 98.974 100.897 
           Mg (apfu) 0.078 0.072 0.077 0.078 0.074 0.076 0.081 0.082 0.077 0.081 
Ca (apfu) 0.005 0.004 0.009 0.002 0.008 0.011 0.008 0.007 0.012 0.007 
Mn (apfu) 0.084 0.077 0.075 0.076 0.080 0.077 0.076 0.076 0.076 0.081 
Fe (apfu) 0.833 0.847 0.840 0.843 0.837 0.836 0.835 0.833 0.834 0.831 
Sr (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba (apfu) 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.001 0.000 0.000 !!!!!!!
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Table B19: Siderite EPMA data 
! ! ! ! ! ! !Sample R25 R29 R29 U15 U15 U15 U15 U15 U15 U15 
Point sd34 sd18 sd19 sd62 sd63 sd64 sd66 sd67 sd68 sd69 
Mg (wt.%) 1.386 1.797 1.809 1.609 1.755 2.050 0.603 1.012 0.817 2.001 
Ca 0.222 0.830 0.285 0.390 0.328 0.129 0.073 0.079 0.178 0.114 
Mn 4.433 1.411 2.819 0.801 3.182 3.038 3.336 3.483 1.852 2.810 
Fe 40.577 42.792 41.651 43.931 42.307 40.474 44.473 42.735 44.032 42.391 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba 0.009 0.000 0.034 0.000 0.000 0.078 0.000 0.158 0.000 0.084 
           MgO (wt.%) 2.299 2.980 3.000 2.668 2.910 3.400 1.000 1.678 1.355 3.318 
CaO 0.311 1.161 0.399 0.546 0.459 0.180 0.102 0.110 0.249 0.160 
MnO 5.724 1.821 3.639 1.034 4.109 3.922 4.307 4.498 2.392 3.628 
FeO 52.201 55.052 53.584 56.517 54.428 52.069 57.214 54.978 56.647 54.535 
SrO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
BaO 0.010 0.000 0.038 0.000 0.000 0.087 0.000 0.176 0.000 0.094 
CO2* 38.286 39.019 38.682 38.604 39.429 38.208 38.892 38.438 37.860 39.433 
Total (wt.%) 98.832 100.035 99.342 99.370 101.335 97.865 101.514 99.877 98.503 101.167 
           Mg (apfu) 0.066 0.083 0.085 0.075 0.081 0.097 0.028 0.048 0.039 0.092 
Ca (apfu) 0.006 0.023 0.008 0.011 0.009 0.004 0.002 0.002 0.005 0.003 
Mn (apfu) 0.093 0.029 0.058 0.017 0.065 0.064 0.069 0.073 0.039 0.057 
Fe (apfu) 0.835 0.864 0.849 0.897 0.846 0.835 0.901 0.876 0.917 0.847 
Sr (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba (apfu) 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.001 !!!
Table B20: Siderite EPMA data 
! ! ! ! ! ! !Sample U15 U15 U15 U15 U15 U15 U18 U18 U18 U18 
Point sd70 sd71 sd72 sd73 sd74 sd75 sd43 sd45 sd46 sd47 
Mg (wt.%) 1.536 1.895 1.895 1.606 0.611 0.616 2.070 2.012 2.122 1.920 
Ca 0.077 0.168 0.088 0.113 0.316 0.934 0.205 0.113 0.256 0.131 
Mn 3.121 3.102 3.312 3.312 1.431 0.681 3.276 3.345 2.800 3.425 
Fe 42.231 40.729 42.356 40.956 45.112 45.020 40.892 40.964 41.302 40.589 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba 0.000 0.000 0.000 0.000 0.000 0.030 0.017 0.038 0.000 0.000 
           MgO (wt.%) 2.546 3.143 3.143 2.663 1.014 1.021 3.432 3.336 3.518 3.184 
CaO 0.108 0.235 0.123 0.158 0.442 1.307 0.287 0.159 0.358 0.184 
MnO 4.029 4.006 4.276 4.277 1.848 0.879 4.231 4.319 3.615 4.423 
FeO 54.330 52.398 54.491 52.689 58.036 57.917 52.607 52.700 53.134 52.217 
SrO 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
BaO 0.000 0.000 0.000 0.000 0.000 0.033 0.019 0.042 0.000 0.000 
CO2* 38.646 38.199 39.561 37.961 38.152 38.174 38.829 38.742 38.914 38.352 
Total (wt.%) 99.660 97.981 101.594 97.748 99.492 99.330 99.405 99.298 99.538 98.360 
           Mg (apfu) 0.072 0.090 0.087 0.077 0.029 0.029 0.097 0.094 0.099 0.091 
Ca (apfu) 0.002 0.005 0.002 0.003 0.009 0.027 0.006 0.003 0.007 0.004 
Mn (apfu) 0.065 0.065 0.067 0.070 0.030 0.014 0.068 0.069 0.058 0.072 
Fe (apfu) 0.861 0.840 0.844 0.850 0.932 0.929 0.830 0.833 0.836 0.834 
Sr (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 
Ba (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 !!!!!!
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Table B21: Siderite EPMA data 
! ! !Sample U18 U18 U18 U18 U18 R10 
Point sd49 sd50 sd51 sd53 sd54 sd77 
Mg (wt.%) 2.101 1.968 2.068 2.167 2.122 1.775 
Ca 0.369 0.186 0.195 0.167 0.110 0.052 
Mn 3.028 3.429 3.246 3.421 2.876 2.207 
Fe 40.799 39.992 40.520 39.853 40.267 43.587 
Sr 0.000 0.000 0.000 0.000 0.000 0.000 
Ba 0.014 0.000 0.000 0.049 0.000 0.117 
       MgO (wt.%) 3.485 3.263 3.430 3.593 3.518 2.944 
CaO 0.516 0.261 0.272 0.234 0.154 0.073 
MnO 3.910 4.428 4.191 4.417 3.713 2.850 
FeO 52.488 51.450 52.129 51.270 51.803 56.074 
SrO 0.000 0.000 0.000 0.000 0.000 0.000 
BaO 0.015 0.000 0.000 0.055 0.000 0.131 
CO2* 38.792 38.032 38.492 38.270 38.000 39.427 
Total (wt.%) 99.206 97.433 98.513 97.839 97.190 101.498 
       Mg (apfu) 0.098 0.094 0.097 0.103 0.101 0.082 
Ca (apfu) 0.010 0.005 0.006 0.005 0.003 0.001 
Mn (apfu) 0.063 0.072 0.068 0.072 0.061 0.045 
Fe (apfu) 0.829 0.829 0.830 0.821 0.835 0.871 
Sr (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 
Ba (apfu) 0.000 0.000 0.000 0.000 0.000 0.001 !
(
Ankerite-dolomite-kutnohorite (Tables B22-29) 
 
Table B22: Ankerite-dolomite-kutnohorite EPMA data 
   Sample R6 R6 R6 R6 R6 R6 R6 R6 
Point ank20 ank22 ank23 ank24 ank26 ank27 ank28 dol11 
Mg (wt.%) 1.815 1.737 2.163 2.546 1.909 1.442 1.347 9.087 
Ca 19.781 20.757 19.769 19.864 20.219 20.042 19.921 20.897 
Mn 1.895 2.347 3.004 4.361 2.768 1.740 1.467 4.479 
Fe 18.333 17.537 16.713 14.672 17.627 19.577 19.841 2.047 
Sr 0.033 0.000 0.000 0.046 0.062 0.000 0.025 0.000 
Ba 0.013 0.032 0.000 0.012 0.033 0.000 0.094 0.000 
         MgO (wt.%) 3.010 2.880 3.587 4.222 3.166 2.391 2.233 15.068 
CaO 27.677 29.044 27.660 27.793 28.290 28.043 27.873 29.238 
MnO 2.446 3.031 3.879 5.631 3.574 2.247 1.894 5.783 
FeO 23.585 22.562 21.500 18.875 22.677 25.186 25.525 2.634 
SrO 0.039 0.000 0.000 0.054 0.073 0.000 0.029 0.000 
BaO 0.014 0.036 0.000 0.014 0.037 0.000 0.105 0.000 
CO2* 40.994 41.650 41.202 41.506 41.809 41.441 41.167 44.602 
Total (wt.%) 97.765 99.201 97.829 98.095 99.626 99.308 98.827 97.325 
         Mg (apfu) 0.160 0.151 0.190 0.222 0.165 0.126 0.118 0.738 
Ca (apfu) 1.060 1.095 1.054 1.051 1.062 1.062 1.063 1.029 
Mn (apfu) 0.074 0.090 0.117 0.168 0.106 0.067 0.057 0.161 
Fe (apfu) 0.705 0.664 0.639 0.557 0.665 0.745 0.760 0.072 
Sr (apfu) 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.000 
Ba (apfu) 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 
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Table B23: Ankerite-dolomite-kutnohorite EPMA data 
    Sample R6 R13 R13 R13 R13 R13 R13 R14 R14 
Point dol12 ank12 ank13 ank14 ank15 dol8 dol9 ank45 ank49 
Mg (wt.%) 9.665 2.668 2.714 2.669 2.869 7.544 9.941 4.592 4.425 
Ca 20.730 21.162 21.543 20.762 21.077 21.263 19.332 21.481 21.409 
Mn 4.488 1.366 1.487 1.440 1.652 7.371 3.246 7.615 8.261 
Fe 1.536 16.294 16.745 17.214 15.842 0.981 1.402 5.021 4.684 
Sr 0.000 0.197 0.050 0.148 0.192 2.156 4.533 0.685 0.683 
Ba 0.079 0.000 0.036 0.071 0.025 0.191 0.027 0.619 0.473 
          MgO (wt.%) 16.027 4.424 4.500 4.426 4.758 12.509 16.485 7.614 7.338 
CaO 29.005 29.609 30.142 29.050 29.491 29.751 27.049 30.056 29.955 
MnO 5.794 1.764 1.920 1.859 2.133 9.518 4.191 9.832 10.666 
FeO 1.976 20.962 21.542 22.145 20.380 1.262 1.804 6.459 6.026 
SrO 0.000 0.233 0.059 0.175 0.227 2.549 5.361 0.810 0.807 
BaO 0.088 0.000 0.040 0.079 0.028 0.213 0.030 0.691 0.528 
CO2* 45.094 42.103 42.994 42.447 42.253 44.831 45.219 42.501 42.325 
Total (wt.%) 97.984 99.095 101.197 100.181 99.271 100.633 100.139 97.963 97.645 
          Mg (apfu) 0.776 0.229 0.229 0.228 0.246 0.609 0.796 0.391 0.379 
Ca (apfu) 1.010 1.104 1.100 1.074 1.096 1.042 0.939 1.110 1.111 
Mn (apfu) 0.159 0.052 0.055 0.054 0.063 0.263 0.115 0.287 0.313 
Fe (apfu) 0.054 0.610 0.614 0.639 0.591 0.034 0.049 0.186 0.174 
Sr (apfu) 0.000 0.005 0.001 0.003 0.005 0.048 0.101 0.016 0.016 
Ba (apfu) 0.001 0.000 0.001 0.001 0.000 0.003 0.000 0.009 0.007 
 
 
 
Table B24: Ankerite-dolomite-kutnohorite EPMA data 
    Sample R14 R14 R14 R14 R14 R14 R14 R14 R14 
Point ank50 ank51 ank52 ank56 dol18 dol20 dol21 dol22 dol23 
Mg (wt.%) 4.383 4.488 4.508 4.593 10.533 10.743 10.940 11.140 11.297 
Ca 21.500 20.862 20.919 20.636 20.466 20.040 20.160 19.536 19.477 
Mn 8.337 8.432 8.299 8.186 2.985 2.869 2.691 2.654 2.586 
Fe 4.874 5.197 5.075 5.152 0.882 0.889 0.758 0.806 0.722 
Sr 0.722 0.735 0.696 0.690 1.223 1.245 1.426 1.420 1.625 
Ba 0.515 0.608 0.637 0.695 0.000 0.000 0.000 0.003 0.037 
          MgO (wt.%) 7.268 7.443 7.476 7.617 17.467 17.815 18.141 18.472 18.733 
CaO 30.083 29.190 29.270 28.874 28.636 28.039 28.207 27.335 27.253 
MnO 10.765 10.887 10.716 10.570 3.854 3.705 3.475 3.427 3.339 
FeO 6.271 6.686 6.529 6.628 1.135 1.143 0.975 1.036 0.929 
SrO 0.854 0.870 0.823 0.816 1.447 1.472 1.686 1.680 1.921 
BaO 0.574 0.679 0.711 0.776 0.000 0.000 0.000 0.003 0.041 
CO2* 42.594 42.450 42.336 42.165 45.248 45.083 45.415 45.098 45.311 
Total (wt.%) 98.410 98.205 97.861 97.445 97.788 97.258 97.899 97.051 97.527 
          Mg (apfu) 0.373 0.383 0.386 0.395 0.843 0.863 0.872 0.895 0.903 
Ca (apfu) 1.109 1.079 1.085 1.075 0.993 0.976 0.975 0.951 0.944 
Mn (apfu) 0.314 0.318 0.314 0.311 0.106 0.102 0.095 0.094 0.091 
Fe (apfu) 0.180 0.193 0.189 0.193 0.031 0.031 0.026 0.028 0.025 
Sr (apfu) 0.017 0.017 0.017 0.016 0.027 0.028 0.032 0.032 0.036 
Ba (apfu) 0.008 0.009 0.010 0.011 0.000 0.000 0.000 0.000 0.001 
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Table B25: Ankerite-dolomite-kutnohorite EPMA data 
     Sample R14 R14 R14 R24 R24 R24 R24 R24 R24 R24 
Point dol24 dol25 dol27 ank1 ank2 dol1 dol2 dol3 dol4 dol5 
Mg (wt.%) 10.740 11.399 11.053 1.600 1.643 6.781 7.027 7.647 7.523 7.991 
Ca 20.256 19.414 19.915 19.777 20.825 17.955 17.681 17.218 17.876 18.214 
Mn 3.146 2.759 3.069 3.172 3.705 9.671 8.123 7.568 6.643 7.739 
Fe 0.913 0.993 0.904 18.530 15.539 3.410 4.823 5.614 5.268 3.275 
Sr 1.264 1.504 1.309 0.000 0.112 1.061 1.949 0.700 1.109 1.114 
Ba 0.000 0.024 0.000 0.000 0.041 0.015 0.055 0.104 0.000 0.000 
           MgO (wt.%) 17.810 18.902 18.328 2.654 2.725 11.245 11.652 12.680 12.475 13.250 
CaO 28.342 27.163 27.865 27.672 29.138 25.122 24.739 24.091 25.012 25.485 
MnO 4.063 3.562 3.963 4.096 4.784 12.487 10.489 9.772 8.578 9.993 
FeO 1.174 1.278 1.163 23.838 19.991 4.387 6.205 7.222 6.777 4.214 
SrO 1.495 1.779 1.547 0.000 0.132 1.254 2.305 0.827 1.311 1.318 
BaO 0.000 0.027 0.000 0.000 0.045 0.017 0.062 0.116 0.000 0.000 
CO2* 45.565 45.714 45.710 41.758 41.126 42.967 43.444 43.625 43.282 43.810 
Total (wt.%) 98.449 98.426 98.576 100.018 97.942 97.479 98.896 98.334 97.436 98.069 
           Mg (apfu) 0.854 0.903 0.876 0.139 0.145 0.572 0.586 0.635 0.629 0.661 
Ca (apfu) 0.976 0.933 0.957 1.040 1.112 0.918 0.894 0.867 0.907 0.913 
Mn (apfu) 0.111 0.097 0.108 0.122 0.144 0.361 0.300 0.278 0.246 0.283 
Fe (apfu) 0.032 0.034 0.031 0.699 0.596 0.125 0.175 0.203 0.192 0.118 
Sr (apfu) 0.028 0.033 0.029 0.000 0.003 0.025 0.045 0.016 0.026 0.026 
Ba (apfu) 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.002 0.000 0.000 
 
 
 
Table B26: Ankerite-dolomite-kutnohorite EPMA data 
     Sample R24 R25 R25 R25 R25 R25 R25 R25 R25 R25 
Point dol6 ank3 ank4 ank5 ank6 ank7 ank8 ank9 ank10 ank11 
Mg (wt.%) 7.082 1.677 1.645 2.172 2.620 3.186 2.843 1.872 3.373 3.575 
Ca 18.735 19.990 19.433 19.692 19.463 19.439 18.838 19.643 19.353 18.546 
Mn 6.165 3.796 2.675 3.729 4.341 4.491 4.787 3.515 4.018 4.119 
Fe 6.922 18.356 18.921 16.982 16.132 14.989 14.996 17.739 15.143 13.336 
Sr 1.369 0.000 0.000 0.050 0.189 0.320 0.243 0.050 0.224 1.525 
Ba 0.099 0.018 0.000 0.000 0.000 0.078 0.000 0.000 0.212 0.476 
           MgO (wt.%) 11.743 2.781 2.727 3.602 4.344 5.283 4.715 3.105 5.592 5.928 
CaO 26.213 27.970 27.190 27.553 27.232 27.198 26.358 27.484 27.078 25.950 
MnO 7.960 4.901 3.455 4.815 5.605 5.798 6.181 4.539 5.188 5.318 
FeO 8.905 23.614 24.342 21.847 20.754 19.283 19.293 22.821 19.481 17.157 
SrO 1.619 0.000 0.000 0.059 0.223 0.379 0.287 0.059 0.264 1.803 
BaO 0.110 0.020 0.000 0.000 0.000 0.087 0.000 0.000 0.236 0.532 
CO2* 44.508 42.500 41.372 41.952 42.402 42.710 41.610 41.780 42.690 41.566 
Total (wt.%) 101.059 101.786 99.085 99.828 100.561 100.739 98.444 99.788 100.530 98.253 
           Mg (apfu) 0.576 0.143 0.144 0.188 0.224 0.270 0.247 0.162 0.286 0.311 
Ca (apfu) 0.924 1.033 1.032 1.031 1.008 1.000 0.994 1.033 0.996 0.980 
Mn (apfu) 0.222 0.143 0.104 0.142 0.164 0.168 0.184 0.135 0.151 0.159 
Fe (apfu) 0.245 0.681 0.721 0.638 0.600 0.553 0.568 0.669 0.559 0.506 
Sr (apfu) 0.031 0.000 0.000 0.001 0.004 0.008 0.006 0.001 0.005 0.037 
Ba (apfu) 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.003 0.007 
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Table B27: Ankerite-dolomite-kutnohorite EPMA data 
     Sample U3 U3 U3 U3 U3 U15 U15 U15 U15 U15 
Point ank47 dol14 dol15 dol16 dol17 ank30 ank31 ank32 ank33 ank34 
Mg (wt.%) 1.758 10.404 11.230 10.663 9.883 3.785 1.600 4.642 6.511 6.939 
Ca 20.136 24.053 23.014 22.976 21.768 20.025 19.861 18.597 22.816 21.837 
Mn 1.131 1.682 1.463 1.819 3.901 2.839 2.639 6.887 0.709 0.812 
Fe 20.171 0.042 0.054 0.057 1.357 13.278 17.718 10.074 8.667 9.403 
Sr 0.055 0.589 0.557 0.814 0.504 0.371 0.092 0.786 0.004 0.087 
Ba 0.032 0.342 0.228 0.160 0.021 0.000 0.000 0.018 0.000 0.044 
           MgO (wt.%) 2.915 17.252 18.622 17.682 16.389 6.276 2.653 7.698 10.797 11.507 
CaO 28.174 33.654 32.201 32.148 30.458 28.018 27.790 26.021 31.924 30.554 
MnO 1.460 2.171 1.889 2.348 5.037 3.665 3.407 8.892 0.916 1.049 
FeO 25.949 0.054 0.069 0.073 1.745 17.081 22.795 12.960 11.150 12.096 
SrO 0.065 0.696 0.658 0.963 0.596 0.439 0.109 0.929 0.004 0.103 
BaO 0.036 0.382 0.254 0.179 0.023 0.000 0.000 0.020 0.000 0.050 
CO2* 42.134 47.036 47.172 46.501 46.254 41.766 40.830 42.684 44.244 44.663 
Total (wt.%) 100.733 101.246 100.864 99.895 100.502 97.246 97.583 99.205 99.036 100.021 
           Mg (apfu) 0.151 0.801 0.862 0.830 0.774 0.328 0.142 0.394 0.533 0.563 
Ca (apfu) 1.050 1.123 1.071 1.085 1.034 1.053 1.068 0.957 1.133 1.074 
Mn (apfu) 0.043 0.057 0.050 0.063 0.135 0.109 0.104 0.258 0.026 0.029 
Fe (apfu) 0.755 0.001 0.002 0.002 0.046 0.501 0.684 0.372 0.309 0.332 
Sr (apfu) 0.001 0.013 0.012 0.018 0.011 0.009 0.002 0.018 0.000 0.002 
Ba (apfu) 0.000 0.005 0.003 0.002 0.000 0.000 0.000 0.000 0.000 0.001 
 
 
 
Table B28: Ankerite-dolomite-kutnohorite EPMA data 
     Sample U15 U15 U15 U15 U15 U15 U15 U15 U15 U15 
Point ank35 ank36 ank37 ank38 ank39 ank40 ank41 ank42 ank43 ank44 
Mg (wt.%) 2.802 1.395 6.406 2.651 6.229 6.317 6.414 2.086 1.500 1.410 
Ca 20.167 19.823 22.020 20.756 22.816 21.576 22.467 20.300 20.226 19.739 
Mn 2.377 1.317 0.884 2.052 0.845 0.771 0.808 3.466 2.037 1.493 
Fe 17.223 20.027 10.295 16.219 10.054 9.571 9.568 17.288 19.332 20.174 
Sr 0.000 0.028 0.024 0.020 0.037 0.000 0.017 0.015 0.000 0.033 
Ba 0.000 0.010 0.049 0.023 0.068 0.000 0.000 0.019 0.036 0.197 
           MgO (wt.%) 4.647 2.314 10.623 4.396 10.329 10.475 10.637 3.460 2.488 2.339 
CaO 28.217 27.736 30.811 29.042 31.924 30.189 31.436 28.404 28.299 27.618 
MnO 3.069 1.701 1.141 2.650 1.091 0.995 1.044 4.475 2.630 1.928 
FeO 22.157 25.765 13.244 20.866 12.934 12.313 12.308 22.241 24.870 25.954 
SrO 0.000 0.033 0.029 0.024 0.044 0.000 0.020 0.018 0.000 0.039 
BaO 0.000 0.012 0.055 0.025 0.075 0.000 0.000 0.022 0.040 0.220 
CO2* 42.695 41.149 44.629 42.036 44.974 43.290 44.482 42.484 41.804 41.403 
Total (wt.%) 100.785 98.709 100.532 99.038 101.372 97.262 99.926 101.103 100.131 99.500 
           Mg (apfu) 0.238 0.123 0.520 0.228 0.502 0.528 0.522 0.178 0.130 0.123 
Ca (apfu) 1.037 1.058 1.084 1.084 1.114 1.095 1.109 1.049 1.063 1.047 
Mn (apfu) 0.089 0.051 0.032 0.078 0.030 0.029 0.029 0.131 0.078 0.058 
Fe (apfu) 0.636 0.767 0.364 0.608 0.352 0.348 0.339 0.641 0.729 0.768 
Sr (apfu) 0.000 0.001 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 
Ba (apfu) 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.001 0.003 
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Table B29: Ankerite-dolomite-kutnohorite EPMA data 
Sample U18 U18 U18 U18   
Point ank16 ank17 ank18 ank19   
Mg (wt.%) 2.222 2.972 4.318 3.185 
 Ca 19.927 19.346 19.322 19.648 
 Mn 2.514 3.384 2.398 2.005 
 Fe 17.915 15.623 14.539 16.536 
 Sr 0.089 0.419 0.062 0.299 
 Ba 0.046 0.026 0.025 0.000 
       MgO (wt.%) 3.684 4.929 7.161 5.281 
 CaO 27.882 27.068 27.035 27.492 
 MnO 3.247 4.369 3.097 2.588 
 FeO 23.047 20.099 18.704 21.273 
 SrO 0.105 0.495 0.073 0.353 
 BaO 0.051 0.029 0.028 0.000 
 CO2* 42.097 41.867 42.455 42.129 
 Total (wt.%) 100.114 98.857 98.553 99.117 
       Mg (apfu) 0.191 0.257 0.368 0.274 
 Ca (apfu) 1.040 1.015 1.000 1.024 
 Mn (apfu) 0.096 0.129 0.091 0.076 
 Fe (apfu) 0.671 0.588 0.540 0.619 
 Sr (apfu) 0.002 0.010 0.001 0.007 
 Ba (apfu) 0.001 0.000 0.000 0.000   
 
 
Strontianite (Tables B30-32) 
 
Table B30: Strontianite EPMA data 
       Sample R13 R13 R13 R14 R14 R14 R14 R14 R14 U3 
Point str1 str2 str3 str18 str19 str20 str21 str22 str23 str18 
Mg (wt.%) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.036 0.000 0.000 
Ca 5.534 6.933 6.981 5.835 5.505 5.636 5.379 6.645 5.799 5.789 
Mn 0.052 0.000 0.000 0.019 0.016 0.037 0.000 0.019 0.004 0.000 
Fe 0.013 0.000 0.174 0.039 0.013 0.013 0.000 0.018 0.000 0.000 
Sr 51.172 49.426 49.167 50.114 50.133 49.650 50.714 48.617 49.955 49.560 
Ba 0.334 0.018 0.126 0.080 0.010 0.172 0.055 0.026 0.277 0.438 
           MgO (wt.%) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.060 0.000 0.000 
CaO 7.743 9.701 9.768 8.165 7.702 7.886 7.527 9.297 8.114 8.099 
MnO 0.068 0.000 0.000 0.025 0.021 0.048 0.000 0.024 0.006 0.000 
FeO 0.016 0.000 0.224 0.050 0.017 0.017 0.000 0.024 0.000 0.000 
SrO 60.516 58.450 58.145 59.264 59.287 58.715 59.974 57.494 59.076 58.609 
BaO 0.373 0.020 0.140 0.089 0.011 0.192 0.062 0.029 0.309 0.489 
CO2* 31.938 32.445 32.539 31.651 31.252 31.222 31.397 31.819 31.551 31.390 
Total (wt.%) 
100.65
4 
100.61
7 
100.81
6 99.244 98.290 98.080 98.959 98.747 99.055 98.587 
           Mg (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.002 0.000 0.000 
Ca (apfu) 0.190 0.235 0.236 0.202 0.193 0.198 0.188 0.229 0.202 0.202 
Mn (apfu) 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 
Fe (apfu) 0.000 0.000 0.004 0.001 0.000 0.000 0.000 0.000 0.000 0.000 
Sr (apfu) 0.805 0.765 0.759 0.795 0.806 0.799 0.811 0.767 0.795 0.793 
Ba (apfu) 0.003 0.000 0.001 0.001 0.000 0.002 0.001 0.000 0.003 0.004 
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Table B31: Strontianite EPMA data 
     Sample U15 U15 U15 U15 U15 U18 U18 U18 U18 
Point str11 str12 str13 str14 str16 str4 str5 str6 str7 
Mg (wt.%) 0.010 0.000 0.000 0.021 0.012 0.000 0.015 0.000 0.000 
Ca 4.541 5.266 5.072 5.646 5.209 5.126 4.866 5.112 5.272 
Mn 0.000 0.000 0.000 0.000 0.000 0.015 0.018 0.023 0.000 
Fe 0.042 0.125 0.047 0.010 0.000 0.094 0.000 0.028 0.008 
Sr 50.583 48.834 49.454 49.042 50.068 51.736 51.985 52.001 51.277 
Ba 0.434 0.376 0.718 0.351 0.193 0.190 0.350 0.386 0.133 
          MgO (wt.%) 0.016 0.000 0.000 0.034 0.019 0.000 0.025 0.000 0.000 
CaO 6.354 7.369 7.097 7.900 7.288 7.172 6.808 7.153 7.377 
MnO 0.000 0.000 0.000 0.000 0.000 0.019 0.023 0.030 0.000 
FeO 0.054 0.161 0.060 0.013 0.000 0.121 0.000 0.036 0.010 
SrO 59.819 57.750 58.485 57.997 59.210 61.182 61.477 61.496 60.640 
BaO 0.484 0.419 0.802 0.392 0.216 0.212 0.391 0.430 0.148 
CO2* 30.582 30.530 30.677 30.992 30.950 31.761 31.607 31.897 31.593 
Total (wt.%) 97.309 96.230 97.121 97.329 97.683 100.467 100.330 101.043 99.767 
          Mg (apfu) 0.001 0.000 0.000 0.001 0.001 0.000 0.001 0.000 0.000 
Ca (apfu) 0.163 0.189 0.182 0.200 0.185 0.177 0.169 0.176 0.183 
Mn (apfu) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 
Fe (apfu) 0.001 0.003 0.001 0.000 0.000 0.002 0.000 0.001 0.000 
Sr (apfu) 0.831 0.803 0.810 0.795 0.813 0.818 0.826 0.819 0.815 
Ba (apfu) 0.005 0.004 0.008 0.004 0.002 0.002 0.004 0.004 0.001 
 
 
 
 
Table B32: Strontianite EPMA data 
  Sample U18 U18 X5 X5 X5 X5 
Point str8 str9 str24 str25 str26 str27 
Mg (wt.%) 0.017 0.000 0.000 0.000 0.007 0.000 
Ca 4.795 4.482 6.995 5.885 6.534 8.136 
Mn 0.031 0.000 0.000 0.000 0.022 0.000 
Fe 0.028 0.043 0.013 0.037 0.079 0.188 
Sr 52.068 51.886 48.784 50.276 49.466 46.311 
Ba 0.764 0.246 0.000 0.000 0.186 0.203 
       MgO (wt.%) 0.029 0.000 0.000 0.000 0.011 0.000 
CaO 6.708 6.271 9.787 8.235 9.142 11.383 
MnO 0.041 0.000 0.000 0.000 0.029 0.000 
FeO 0.036 0.056 0.017 0.047 0.101 0.241 
SrO 61.575 61.360 57.692 59.456 58.498 54.767 
BaO 0.853 0.275 0.000 0.000 0.207 0.227 
CO2* 31.741 31.096 32.194 31.744 32.172 32.407 
Total (wt.%) 100.982 99.058 99.690 99.483 100.161 99.025 
       Mg (apfu) 0.001 0.000 0.000 0.000 0.000 0.000 
Ca (apfu) 0.166 0.158 0.239 0.204 0.223 0.276 
Mn (apfu) 0.001 0.000 0.000 0.000 0.001 0.000 
Fe (apfu) 0.001 0.001 0.000 0.001 0.002 0.005 
Sr (apfu) 0.824 0.838 0.761 0.796 0.772 0.718 
Ba (apfu) 0.008 0.003 0.000 0.000 0.002 0.002 
 
!!!!!!!!!!!!!!!!!!!!!!!
APPENDIX(C(Magnetite!EPMA!data!!!!!!!!!!!!!!!!!!!!!!!!!
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Typical limits of detection (in wt %):  
 
Mg = 0.05, Al = 0.07, Si = 0.07, Ca = 0.09, Ti = 0.4, Cr = 0.09, Ni = 0.3, Mn = 0.11, Fe = 0.08, Zn = 0.4. !
Table C1: Magnetite EPMA data. 
! ! ! ! ! !Sample U4 U4 U4 U4 U4 U4 U4 U4 U4 U4 
Point mag8 mag9 mag10 mag11 mag12 mag13 mag14 mag15 mag16 mag17 
O (wt.%) 32.07 31.82 30.93 30.84 31.48 31.35 31.15 31.52 31.38 30.66 
Mg 0.04 b.d. b.d. b.d. b.d. b.d. 0.09 b.d. b.d. b.d. 
Al b.d. b.d. b.d. b.d. 0.23 b.d. b.d. 0.11 b.d. 0.27 
Si b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Ca b.d. 0.09 b.d. b.d. b.d. b.d. b.d. 0.13 b.d. b.d. 
Ti b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Cr b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Mn 0.55 0.34 0.42 0.30 0.19 0.28 0.61 b.d. b.d. b.d. 
Fe 74.0187 73.5873 71.6475 71.4026 72.3629 72.5944 71.9031 72.6512 72.8143 70.4585 
Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.45 b.d. b.d. 
Total  106.91 106.03 103.07 102.78 104.65 104.33 103.81 105.03 104.47 101.80 
           
           Table C2: Magnetite EPMA data. 
      Sample U4 U4 U4 U3 U3 U3 U3 U3 U3 U3 
Point mag18 mag19 mag20 mag21 mag22 mag23 mag24 mag25 mag26 mag27 
O (wt.%) 31.71 31.27 31.00 31.12 31.33 30.95 31.17 30.99 30.91 30.91 
Mg b.d. b.d. b.d. 1.39 1.13 1.05 1.25 1.39 1.29 1.67 
Al 0.38 0.31 0.19 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Si b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Ca b.d. 0.09 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Ti b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Cr b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Mn b.d. b.d. b.d. 3.35 3.14 3.29 3.35 3.35 3.41 3.42 
Fe 72.8131 71.8441 71.4388 67.9063 68.7252 67.9750 68.1492 67.2649 67.4862 66.7819 
Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Total  105.11 103.87 103.07 103.98 104.79 103.54 104.20 103.56 103.35 103.18 
 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !Table C3: Magnetite EPMA data. 
! ! ! ! ! !Sample U3 U3 U3 U3 U3 U3 U3 U3 U5a U5a 
Point mag28 mag29 mag30 mag31 mag32 mag33 mag34 mag35 mag57 mag58 
O (wt.%) 31.02 31.61 30.82 31.87 31.50 31.53 30.82 30.56 30.69 30.51 
Mg 1.38 1.43 0.91 0.55 0.51 0.40 0.45 0.54 b.d. 0.83 
Al b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Si b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.47 
Ca b.d. b.d. 0.31 b.d. b.d. b.d. b.d. 0.15 b.d. b.d. 
Ti b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Cr b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Mn 3.31 3.47 3.35 1.53 1.36 1.26 1.38 2.58 0.37 0.36 
Fe 67.7102 68.8647 67.6205 72.1221 71.3744 71.8500 69.9613 68.3739 71.1112 67.7722 
Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Total  103.60 105.64 103.27 106.26 105.07 105.10 102.77 102.23 102.20 100.50 !!!!!
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Table C4: Magnetite EPMA data. 
! ! ! ! ! !Sample U5a U5a U5a U5a U5a U5a U12 U12 U12 U12 
Point mag59 mag60 mag61 mag92 mag93 mag94 mag51 mag52 mag53 mag54 
O (wt.%) 29.90 30.03 29.54 30.30 29.94 30.10 31.02 32.18 32.08 32.21 
Mg 0.18 0.11 b.d. b.d. b.d. 0.07 b.d. b.d. b.d. b.d. 
Al b.d. b.d. b.d. b.d. b.d. 0.27 b.d. b.d. b.d. b.d. 
Si b.d. b.d. 0.07 b.d. b.d. b.d. 0.20 0.49 0.39 0.41 
Ca b.d. 0.25 0.38 b.d. b.d. 0.10 b.d. b.d. b.d. b.d. 
Ti b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Cr b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Mn 0.33 0.48 0.67 0.39 0.31 0.51 b.d. b.d. b.d. b.d. 
Fe 68.9890 68.9413 67.6484 70.0705 69.3919 68.5806 71.4314 73.5299 73.3776 73.7499 
Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Total  99.54 100.01 98.41 100.99 99.70 100.16 102.92 106.26 106.20 106.54 
           
           Table C5: Magnetite EPMA data. 
      Sample U12 U12 X4 X4 X4 X4 X4 X4 X4 X4 
Point mag55 mag56 mag62 mag63 mag64 mag65 mag66 mag67 mag68 mag69 
O (wt.%) 31.45 31.49 30.46 30.67 30.85 30.91 30.71 30.80 30.80 30.80 
Mg b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Al b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 1.37 
Si 0.26 0.37 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Ca b.d. b.d. 0.26 0.14 0.22 0.19 0.28 0.24 0.36 b.d. 
Ti b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Cr b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Mn b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Fe 72.4508 72.1481 70.4199 71.1926 71.2756 71.6676 71.0305 71.2892 71.1524 67.6845 
Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 1.56 
Total  104.21 104.20 101.28 102.06 102.64 102.86 102.16 102.48 102.58 101.57 
           
 ! ! ! ! ! ! ! ! ! !Table C6: Magnetite EPMA data. 
! ! ! ! ! !Sample X4 X4 X4 X4 X4 X4 X4 X4 X4 X4 
Point mag70 mag71 mag72 mag73 mag74 mag75 mag76 mag77 mag78 mag79 
O (wt.%) 30.15 29.85 29.70 29.82 30.14 30.50 30.17 30.16 29.65 29.57 
Mg b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Al 0.77 0.33 b.d. 0.83 0.18 1.25 0.08 0.67 0.19 0.10 
Si b.d. b.d. b.d. b.d. b.d. 0.08 b.d. 0.08 b.d. b.d. 
Ca 0.18 0.56 0.61 0.35 0.20 0.14 0.12 0.28 b.d. b.d. 
Ti b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Cr b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Mn b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Fe 67.6514 67.9874 68.3947 66.7160 69.4034 66.8698 69.5265 67.8414 68.2485 68.3055 
Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn 1.10 b.d. b.d. 1.03 b.d. 1.96 b.d. 0.76 b.d. b.d. 
Total  99.99 99.02 98.84 98.80 100.05 100.90 100.39 99.88 98.49 98.42 !!!!!!!
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Table C7: Magnetite and hematite EPMA data. 
! ! ! ! !Sample R24 R24 R24 R24 R24 R24 R24 R24 R24 R22b 
Point mag118 mag119 mag120 hem3 hem5 hem6 hem7 hem8 hem9 mag36 
O (wt.%) 31.36 30.27 31.63 30.37 31.30 30.60 29.60 31.45 30.59 30.70 
Mg b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Al b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.97 
Si b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Ca b.d. b.d. b.d. b.d. 0.19 b.d. 0.13 0.09 0.26 b.d. 
Ti b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Cr b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Mn b.d. b.d. 0.11 b.d. 0.18 b.d. b.d. b.d. b.d. 0.44 
Fe 72.7194 70.3475 73.4686 70.6042 72.4452 71.1640 68.6300 72.9756 70.8147 68.7977 
Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Total  104.40 100.75 105.28 101.03 104.23 101.80 98.57 104.62 101.85 101.29 
 ! ! ! !        ! ! ! !       Table C8: Magnetite EPMA data. 
      Sample R22b R22b R22b R22b R22b R22b R22b R22b R22b R22b 
Point mag37 mag38 mag39 mag40 mag41 mag36 mag37 mag38 mag39 mag40 
O (wt.%) 31.47 31.20 31.23 31.30 31.26 30.70 31.47 31.20 31.23 31.30 
Mg b.d. 0.05 b.d. b.d. b.d. b.d. b.d. 0.05 b.d. b.d. 
Al 0.98 1.16 1.09 0.64 1.01 0.97 0.98 1.16 1.09 0.64 
Si b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Ca b.d. b.d. 0.09 b.d. b.d. b.d. b.d. b.d. 0.09 b.d. 
Ti b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Cr b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Mn 0.54 0.41 0.76 0.83 0.68 0.44 0.54 0.41 0.76 0.83 
Fe 70.5020 69.3837 69.1151 70.3943 69.8224 68.7977 70.5020 69.3837 69.1151 70.3943 
Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn b.d. 0.51 0.53 b.d. b.d. b.d. b.d. 0.51 0.53 b.d. 
Total  103.94 102.81 103.33 103.79 103.26 101.29 103.94 102.81 103.33 103.79 
 ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! ! !Table C9: Magnetite EPMA data. 
! ! ! ! ! !Sample R22b R22b R22b R22b R22b R22b R22b R22b R22b R22b 
Point mag41 mag42 mag43 mag44 mag45 mag46 mag47 mag48 mag49 mag50 
O (wt.%) 31.26 31.46 31.37 30.17 31.58 31.02 31.01 31.22 30.65 30.79 
Mg b.d. b.d. b.d. b.d. b.d. 0.08 b.d. 0.15 0.07 0.09 
Al 1.01 1.08 1.02 0.76 0.88 1.08 0.60 0.45 0.85 1.06 
Si b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.17 b.d. b.d. 
Ca b.d. b.d. 0.12 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Ti b.d. b.d. 0.84 0.94 b.d. b.d. b.d. b.d. b.d. 0.67 
Cr b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Mn 0.68 0.47 1.27 1.13 0.42 0.60 0.25 0.19 0.31 0.89 
Fe 69.8224 70.2906 68.8329 66.7537 70.8771 68.8502 70.5856 70.7124 69.0633 67.9314 
Ni b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 
Zn b.d. b.d. 0.54 0.56 b.d. b.d. b.d. b.d. b.d. b.d. 
Total  103.26 103.74 104.07 100.35 104.43 102.45 102.57 103.16 101.22 101.77 !!!!!!
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Table D1: Calcite LA-ICP-MS data. 
       Sample R25 R25 R25 R25 R25 R25 U3 U3 U3 U3 U3 
Point Cc37 Cc39 Cc40 Cc41 Cc42 Cc43 Cc90 Cc96 Cc100 Cc101 Cc103 
Na 39 229 95 16 172 95 1266 1626 1324 1417 1378 
Mg 505 517 536 645 508 553 2325 2158 2131 2215 2179 
Si 76 95 91 <33 68 66 149 76 84 65 77 
P 24 25 26 17 23 19 721 294 229 234 231 
Ca 365672 372019 377615 372954 372055 370857 370120 368036 368532 375971 371286 
Sc 2.224 0.069 1.445 1.610 0.030 0.695 0.069 0.026 0.305 0.114 0.145 
Mn 3049 1447 4611 5334 1673 3930 2118 1755 2095 2060 2380 
Fe 10622 9888 7297 8616 8956 7731 581 472 6354 1802 642 
Sr 5605 5426 4787 4152 4147 4161 30374 34652 27357 25348 25115 
Y 57 356 72 28 324 136 602 701 626 654 677 
Ba 23 406 91 85 293 216 32273 32117 24198 23426 22387 
La 3.43 52.42 11.12 1.09 21.49 10.07 1267.03 1452.87 1030.96 1008.36 990.72 
Ce 8.49 169.56 28.09 3.09 65.85 32.06 3216.94 3927.06 3076.12 3073.70 2958.11 
Pr 1.47 35.28 4.91 0.54 14.15 7.16 469.60 598.81 485.14 485.24 467.51 
Nd 9.31 263.82 31.99 3.65 112.00 57.34 2099.78 2725.35 2325.94 2385.64 2282.53 
Sm 5.58 144.60 15.16 2.85 78.69 42.29 473.98 664.37 569.07 582.17 576.86 
Eu 2.92 68.28 7.08 1.51 43.24 21.58 201.06 282.79 227.76 231.53 224.09 
Gd 8.44 183.65 18.57 5.32 129.32 63.99 406.90 562.68 460.00 469.59 475.60 
Tb 1.93 25.12 2.90 1.05 20.16 9.21 46.88 60.30 48.44 50.00 50.89 
Y 13.92 120.74 17.35 6.59 105.52 43.87 191.82 235.34 192.84 200.35 203.90 
Ho 3.01 16.88 3.32 1.24 15.88 6.39 27.90 32.75 28.22 29.17 30.30 
Er 8.72 27.84 10.26 2.82 27.24 10.79 49.37 58.04 51.71 54.52 56.09 
Tm 1.19 1.96 1.53 0.33 1.97 0.80 5.00 5.54 5.11 5.45 5.56 
Yb 6.36 6.25 8.74 1.74 6.01 2.72 20.88 22.64 21.57 23.05 23.62 
Lu 0.67 0.47 0.96 0.20 0.44 0.23 2.12 2.23 2.16 2.32 2.37 
Pb 18.83 2.22 25.43 1.23 2.06 1.90 55.65 53.81 41.59 43.50 40.62 
V 0.041 0.021 0.037 0.078 0.025 0.047 <0.019 <0.011 <0.017 <0.013 <0.014 
Co 0.12 0.14 0.09 0.08 0.12 0.11 0.03 0.02 0.01 0.02 0.02 
Ni 0.10 <0.16 0.13 <0.14 <0.14 <0.14 0.19 0.49 0.24 0.37 0.25 
Cu 0.05 0.08 0.06 0.05 0.03 0.03 0.30 0.39 0.35 0.30 0.31 
Zn 6 1.1 1.9 1.3 4.0 1.3 14 14 11 12 13 
Nb 0.007 0.007 0.015 0.004 0.015 0.006 0.010 0.006 0.009 0.010 0.007 
Ag <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 
Cd 0.53 <0.09 <0.11 0.15 0.64 <0.10 0.21 0.22 0.20 0.16 <0.11 
Sb <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.05 <0.02 <0.03 <0.03 <0.02 
Ta 0.001 0.002 <0.001 <0.001 <0.001 <0.001 0.004 0.003 0.002 0.002 0.002 
Th 0.775 1.383 0.342 0.078 0.276 0.067 1.298 0.104 0.461 7.976 0.396 
U 0.003 <0.002 0.006 <0.002 0.002 0.002 <0.003 0.003 <0.003 0.039 <0.002 !!!!!!!!!!!!!!!
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Table D2: Calcite LA-ICP-MS data 
     Sample R6 R6 R6 R6 R6 R6 R6 R6 R6 
Point Cc64 Cc65 Cc66 Cc67 Cc69 Cc70 Cc71 Cc72 Cc73 
Na 406 360 243 51 332 98 81 176 95 
Mg 702 537 855 406 816 684 346 592 593 
Si 79 134 88 59 112 113 73 111 91 
P 30 27 31 28 32 29 29 27 27 
Ca 386646 386683 389185 389353 390980 390882 383012 391130 389088 
Sc 1.604 0.949 2.523 2.239 1.586 4.025 2.691 2.209 3.047 
Mn 3943 2961 4191 3062 3861 2966 2966 4325 3772 
Fe 10015 9723 9449 7626 10592 6370 7095 8290 6548 
Sr 4695 5117 5609 3984 4436 3827 3672 4518 3374 
Y 673 688 238 89 643 180 157 288 164 
Ba 942 652 296 48 900 45 68 406 34 
La 25.79 10.12 12.07 1.28 17.52 3.09 4.27 6.61 2.21 
Ce 136.79 63.53 48.85 4.12 92.43 10.99 20.43 35.24 9.38 
Pr 31.05 15.64 9.44 0.67 21.29 1.81 4.23 8.15 1.74 
Nd 192.80 105.89 53.01 2.98 133.52 9.00 24.90 53.11 9.02 
Sm 99.49 68.21 22.90 1.58 70.55 5.17 11.83 30.94 5.09 
Eu 56.17 39.02 11.82 1.08 44.12 4.09 2.78 14.35 3.11 
Gd 151.74 122.64 34.82 3.77 111.61 11.45 17.23 50.94 10.49 
Tb 28.68 25.61 7.29 1.54 22.58 3.94 4.04 10.60 3.49 
Dy 161.99 160.81 48.36 14.78 139.21 33.88 29.49 65.55 30.62 
Ho 29.66 31.16 10.10 4.10 27.10 8.98 6.88 12.91 7.91 
Er 61.11 66.75 25.04 12.92 59.19 27.74 19.79 29.67 23.77 
Tm 6.55 7.10 3.50 2.13 6.74 4.47 3.00 3.70 3.90 
Yb 28.29 28.72 19.77 12.92 30.55 27.88 17.27 18.96 24.34 
Lu 2.86 2.75 2.40 1.65 3.10 3.65 2.24 2.32 3.30 
Pb 23.51 33.53 24.16 66.96 8.61 11.44 64.18 30.28 14.40 !!
Table D3: Calcite LA-ICP-MS data 
     Sample R6 R6 R6 R6 R6 R6 R6 R6 R6 
Point Cc64 Cc65 Cc66 Cc67 Cc69 Cc70 Cc71 Cc72 Cc73 
Na 406 360 243 51 332 98 81 176 95 
Mg 702 537 855 406 816 684 346 592 593 
Si 79 134 88 59 112 113 73 111 91 
P 30 27 31 28 32 29 29 27 27 
Ca 386646 386683 389185 389353 390980 390882 383012 391130 389088 
Sc 1.604 0.949 2.523 2.239 1.586 4.025 2.691 2.209 3.047 
Mn 3943 2961 4191 3062 3861 2966 2966 4325 3772 
Fe 10015 9723 9449 7626 10592 6370 7095 8290 6548 
Sr 4695 5117 5609 3984 4436 3827 3672 4518 3374 
Y 673 688 238 89 643 180 157 288 164 
Ba 942 652 296 48 900 45 68 406 34 
La 25.79 10.12 12.07 1.28 17.52 3.09 4.27 6.61 2.21 
Ce 136.79 63.53 48.85 4.12 92.43 10.99 20.43 35.24 9.38 
Pr 31.05 15.64 9.44 0.67 21.29 1.81 4.23 8.15 1.74 
Nd 192.80 105.89 53.01 2.98 133.52 9.00 24.90 53.11 9.02 
Sm 99.49 68.21 22.90 1.58 70.55 5.17 11.83 30.94 5.09 
Eu 56.17 39.02 11.82 1.08 44.12 4.09 2.78 14.35 3.11 
Gd 151.74 122.64 34.82 3.77 111.61 11.45 17.23 50.94 10.49 
Tb 28.68 25.61 7.29 1.54 22.58 3.94 4.04 10.60 3.49 
Dy 161.99 160.81 48.36 14.78 139.21 33.88 29.49 65.55 30.62 
Ho 29.66 31.16 10.10 4.10 27.10 8.98 6.88 12.91 7.91 
Er 61.11 66.75 25.04 12.92 59.19 27.74 19.79 29.67 23.77 
Tm 6.55 7.10 3.50 2.13 6.74 4.47 3.00 3.70 3.90 
Yb 28.29 28.72 19.77 12.92 30.55 27.88 17.27 18.96 24.34 
Lu 2.86 2.75 2.40 1.65 3.10 3.65 2.24 2.32 3.30 
Pb 23.51 33.53 24.16 66.96 8.61 11.44 64.18 30.28 14.40 
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Table D4: Calcite LA-ICP-MS data      
Sample R24 R24 R24 R24 R24 R24 R24 R24 R24 
Point Cc1 Cc2 Cc3 Cc4 Cc5 Cc12 Cc13 Cc14 Cc15 
Na 151 61 43 85 118 114 319 117 193 
Mg 1726 1138 653 703 1723 907 1353 933 816 
Si <48.4816 34 52 71 79 62 94 60 86 
P 14 19 20 20 17 24 25 25 23 
Ca 389013 380648 376333 376087 376503 383464 393917 390170 388403 
Sc 5.142 11.460 3.544 11.001 13.059 4.707 6.439 6.059 14.104 
Mn 3764 6776 7163 6970 6088 3815 4068 4417 7221 
Fe 8211 8326 9691 7591 9181 7002 7792 7317 8853 
Sr 3604 4249 6162 4826 4299 3390 3598 3592 3756 
Y 239 69 53 75 173 218 517 215 310 
Ba 227 210 102 103 290 176 397 160 479 
La 64.71 17.14 10.91 5.69 64.50 21.25 113.75 43.27 100.12 
Ce 135.42 32.99 20.54 11.47 123.51 56.08 241.01 91.85 217.67 
Pr 17.27 3.95 2.57 1.49 14.89 8.49 32.73 11.80 27.66 
Nd 72.37 15.32 10.30 5.75 58.21 38.76 141.37 50.28 112.00 
Sm 19.92 4.27 3.43 1.63 13.74 12.63 36.02 14.32 22.03 
Eu 9.30 1.89 1.71 0.95 6.05 6.43 17.75 6.60 8.23 
Gd 27.14 5.01 5.17 2.60 17.51 18.49 50.95 18.73 23.01 
Tb 5.52 1.15 1.20 0.87 3.55 4.18 10.85 3.85 4.67 
Dy 36.60 8.56 8.92 8.54 23.89 30.60 74.27 28.33 33.28 
Ho 7.89 2.10 2.15 2.74 5.24 7.07 16.14 7.06 7.64 
Er 20.45 6.98 6.85 12.67 15.04 21.19 43.14 22.14 22.16 
Tm 2.92 1.24 1.25 3.23 2.43 3.22 5.96 3.38 3.41 
Yb 17.89 9.13 8.72 29.23 16.76 19.05 35.73 19.93 22.66 
Lu 2.48 1.42 1.27 4.97 2.51 2.47 4.83 2.71 3.39 
Pb 7.82 9.57 6.38 10.00 9.19 9.80 3.48 7.14 2.35 !!
Table D5: Calcite LA-ICP-MS data 
     Sample R24 R24 R24 R25 R25 R25 R25 R29 R29 
Point Cc16 Cc18 Cc19 Cc35 Cc36 Cc38 Cc44 Cc20 Cc21 
Na 245 499 49 71 198 238 39 140 58 
Mg 1385 1015 692 255 507 495 814 374 397 
Si 76 58 70 85 66 86 72 68 86 
P 26 22 20 22 27 24 21 27 24 
Ca 380074 385909 379408 377055 384778 371959 372299 395135 386878 
Sc 11.333 4.143 7.646 0.118 0.045 2.268 1.412 0.180 2.301 
Mn 5991 4124 5312 1248 1663 4630 5187 2369 2679 
Fe 8259 9973 8389 8976 9817 7126 7408 10231 8925 
Sr 3939 5604 5365 5454 6443 4197 4423 6239 5301 
Y 419 896 59 187 320 63 43 159 41 
Ba 492 677 61 396 667 107 180 597 69 
La 109.88 41.37 21.46 38.35 135.17 11.04 7.61 69.86 6.98 
Ce 261.45 147.41 37.56 137.38 286.09 24.53 16.76 206.91 23.71 
Pr 36.69 38.59 4.28 28.02 44.42 3.90 2.44 38.38 4.43 
Nd 155.52 364.93 15.83 180.78 276.50 24.59 12.46 230.19 26.29 
Sm 34.32 263.20 3.72 75.43 128.59 12.07 5.66 76.54 9.60 
Eu 14.58 137.02 1.69 33.25 59.07 5.95 2.64 30.49 4.02 
Gd 40.30 343.75 4.61 90.71 157.98 15.95 7.29 77.05 9.12 
Tb 8.11 49.39 1.20 11.97 21.61 2.56 1.37 9.83 1.56 
Dy 55.06 232.83 10.07 55.35 105.17 14.68 9.05 45.32 9.03 
Ho 11.76 36.72 2.52 8.32 15.06 2.75 1.84 7.11 1.85 
Er 31.26 73.06 8.46 14.40 25.17 7.85 5.10 13.24 4.80 
Tm 4.40 7.87 1.52 1.19 1.80 1.19 0.73 1.24 0.71 
Yb 26.94 38.98 11.78 4.35 5.61 7.24 4.08 4.56 4.03 
Lu 3.79 4.62 1.92 0.38 0.41 0.90 0.47 0.41 0.49 
Pb 2.01 7.89 16.44 1.85 2.66 19.58 12.10 5.65 16.65 
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Table D6: Calcite LA-ICP-MS data 
      Sample R29 R29 R29 R29 R29 R29 R29 R29 R29 
Point Cc22 Cc23 Cc24 Cc25 Cc27 Cc28 Cc29 Cc30 Cc31 
Na 144 23 134 156 169 154 59 260 243 
Mg 431 430 213 199 194 201 224 207 240 
Si 79 84 52 75 83 69 70 78 63 
P 27 26 23 22 23 21 21 23 24 
Ca 380175 385246 384112 386618 386288 376525 389648 388306 387163 
Sc 0.582 1.249 0.637 0.096 0.191 0.104 0.078 0.220 0.182 
Mn 2507 2986 1623 568 1041 420 1205 446 530 
Fe 9301 9524 6328 7438 6830 7183 9210 7871 8449 
Sr 6742 4823 6281 6422 6520 5542 3934 6566 6569 
Y 139 37 146 247 200 195 97 194 287 
Ba 882 95 568 824 725 593 197 1096 1028 
La 64.61 4.76 88.82 97.37 135.34 87.88 32.15 186.16 154.39 
Ce 197.02 14.54 208.21 271.04 314.33 233.16 85.85 383.73 409.13 
Pr 37.25 2.52 31.61 49.45 50.69 38.70 14.45 52.46 66.19 
Nd 224.98 14.25 164.03 285.78 268.91 211.18 82.31 238.86 345.97 
Sm 73.03 5.69 53.89 104.94 85.63 72.85 31.22 63.19 109.48 
Eu 28.79 2.67 23.19 45.35 35.17 31.60 13.72 26.30 46.70 
Gd 71.95 6.97 62.18 123.60 93.47 86.61 37.69 72.04 126.72 
Tb 8.82 1.28 8.54 16.51 12.23 11.68 5.27 10.15 17.27 
Dy 40.67 7.74 41.02 76.70 57.09 55.27 25.64 51.01 83.63 
Ho 6.23 1.55 6.47 11.83 8.72 8.44 4.19 8.18 13.13 
Er 11.72 3.98 11.78 20.58 15.48 15.05 7.81 14.87 23.90 
Tm 1.11 0.54 1.08 1.71 1.34 1.30 0.74 1.28 1.97 
Yb 4.26 3.05 4.15 5.81 4.69 4.39 2.73 4.61 6.75 
Lu 0.40 0.35 0.40 0.49 0.42 0.38 0.25 0.41 0.57 
Pb 9.03 10.52 7.24 3.06 3.16 2.37 2.12 3.73 4.43 !!
Table D7: Calcite LA-ICP-MS data 
     Sample R29 R29 R29 U3 U3 U3 U3 U3 U3 
Point Cc32 Cc33 Cc34 Cc95 Cc97 Cc98 Cc99 Cc102 Cc104 
Na 132 110 206 1608 1456 1400 1352 1314 1207 
Mg 358 281 403 2130 2823 2257 2280 2310 2021 
Si 70 79 88 73 47 73 83 62 77 
P 25 23 27 287 85 235 223 228 216 
Ca 391915 387353 381433 367525 357016 377311 376514 374445 356931 
Sc 0.080 0.078 0.481 0.043 0.044 0.065 0.114 0.176 0.058 
Mn 2062 1528 2257 1711 2187 2064 2345 2205 1879 
Fe 10578 9117 10400 461 429 567 1525 4222 532 
Sr 6089 5964 6648 32946 37673 23184 26641 25412 28505 
Y 195 181 286 704 536 675 644 656 595 
Ba 600 568 786 30315 31442 23238 24042 23334 24640 
La 46.97 43.73 50.38 1414.34 1237.97 995.23 1035.70 1003.20 1022.75 
Ce 168.77 155.45 205.47 3893.82 3226.17 2991.86 3062.87 3016.18 3050.15 
Pr 37.89 33.42 48.87 591.60 471.83 477.28 479.68 478.60 467.51 
Nd 265.28 222.65 355.84 2704.57 2147.09 2303.84 2312.98 2323.75 2161.29 
Sm 108.00 88.92 152.94 659.43 486.32 577.66 575.15 575.06 547.17 
Eu 44.70 36.86 64.86 278.92 231.70 225.50 228.90 226.08 222.58 
Gd 113.81 96.94 166.77 559.47 411.36 470.72 453.42 458.99 433.60 
Tb 13.90 12.20 20.33 60.23 43.59 50.85 48.68 49.30 46.48 
Dy 61.00 54.65 91.13 233.73 173.71 205.19 197.08 198.22 185.86 
Ho 8.63 8.02 13.59 32.72 24.30 30.35 28.96 29.14 26.70 
Er 14.28 13.75 24.40 57.57 43.92 56.25 53.70 53.88 48.23 
Tm 1.18 1.12 2.11 5.46 4.35 5.60 5.38 5.47 4.85 
Yb 4.05 3.97 7.41 22.27 18.48 23.78 22.62 23.34 19.99 
Lu 0.35 0.36 0.65 2.21 1.92 2.42 2.28 2.35 2.07 
Pb 2.52 2.41 18.99 49.92 46.92 45.55 42.40 43.36 40.67 
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Table D8: Calcite LA-ICP-MS data 
     Sample U15 U15 U15 U15 U15 U15 U15 U15 
 
Point Cc77 Cc79 Cc81 Cc82 Cc84 Cc85b Cc86 Cc88 
Na 19 83 69 142 68 156 52 15 
Mg 460 469 535 890 549 948 482 431 
Si 77 79 65 79 67 72 83 94 
P 20 23 22 19 22 19 20 21 
Ca 379829 393660 392447 381198 384828 392371 391130 397162 
Sc 7.327 5.368 3.335 0.864 7.048 0.623 6.210 5.302 
Mn 4447 4673 4621 2053 4067 3351 4193 4161 
Fe 8581 9501 14745 10559 9219 11244 6994 9246 
Sr 4997 5474 9280 7308 5637 7172 4002 4792 
Y 20 57 143 292 83 264 86 15 
Ba 21 97 22 472 121 329 21 10 
La 3.24 6.95 3.88 62.51 10.85 46.98 1.91 1.10 
Ce 8.10 15.74 10.66 151.28 29.50 129.31 4.43 2.87 
Pr 1.15 2.08 1.44 23.34 4.59 20.96 0.54 0.39 
Nd 5.58 9.07 6.09 122.42 23.65 113.66 2.19 1.89 
Sm 2.69 3.51 2.67 59.82 11.99 55.30 0.76 0.72 
Eu 1.35 1.82 1.62 30.52 6.13 28.47 0.46 0.38 
Gd 3.52 4.96 4.52 91.08 17.78 80.59 1.28 1.03 
Tb 0.78 1.16 1.84 15.16 3.18 13.31 0.62 0.29 
Dy 4.91 8.96 18.53 78.99 17.98 69.30 8.55 2.48 
Ho 1.03 2.27 5.91 13.55 3.58 12.05 3.45 0.69 
Er 2.91 7.58 22.33 26.10 8.95 24.41 14.83 2.80 
Tm 0.57 1.56 4.21 2.66 1.45 2.69 2.87 0.77 
Yb 4.26 12.00 27.86 11.33 10.18 12.72 20.24 7.17 
Lu 0.69 1.92 3.94 1.25 1.60 1.56 3.01 1.22 
Pb 43.27 23.75 31.78 6.73 36.35 8.97 24.77 34.49 !!
Table D9: Siderite LA-ICP-MS data 
! ! ! ! ! !Sample R13! R13! R24! R24! R24! R24! R24! R24! R24! R24!
Point sd40! sd41! sd2! sd3! sd5! sd6! sd7! sd9=sd8! sd10! sd11!
Na 68! 85! 120! 83! 131! 65! 145! 146! 13! 97!
Mg 14150! 19113! 21504! 17816! 18732! 19502! 16992! 17284! 22897! 18758!
Si 144! <395.1564! 75! 84! 93! 123! 145! 40! 66! 46!
P 24! 160! 16! 21! 19! 20! 25! 27! 18! 26!
Ca 3084! 11345! 3281! 2271! 2915! 1547! 2618! 1875! 3055! 3066!
Sc 0.50! 0.81! 0.34! 0.55! 0.26! 0.26! 0.41! 0.35! 0.13! 0.18!
Mn 17508! 40279! 34785! 38793! 36500! 36202! 38399! 40196! 29963! 35345!
Fe 428266! 388519! 415420! 412373! 408513! 406376! 409936! 405376! 412941! 398728!
Sr 10! 241! 11! 11! 10! 5! 10! 11! 1! 6!
Y 1.273! 40.438! 0.710! 0.934! 0.396! 0.230! 0.962! 1.045! 0.115! 0.463!
Ba 21.8! 75.3! 14.3! 7.8! 9.5! 5.2! 10.0! 12.3! 1.9! 10.4!
La 0.086! 0.955! 0.194! 0.363! 0.202! 0.093! 0.350! 0.349! 0.058! 0.153!
Ce 0.280! 3.370! 0.487! 0.821! 0.455! 0.225! 0.810! 0.862! 0.145! 0.382!
Pr 0.042! 0.612! 0.069! 0.101! 0.062! 0.025! 0.099! 0.112! 0.020! 0.041!
Nd 0.168! 3.486! 0.238! 0.363! 0.260! 0.102! 0.455! 0.437! 0.062! 0.172!
Sm 0.108! 2.164! 0.097! 0.121! 0.092! 0.028! 0.126! 0.121! 0.019! 0.060!
Eu 0.079! 1.421! 0.039! 0.058! 0.036! 0.015! 0.064! 0.062! 0.007! 0.023!
Gd 0.167! 4.495! 0.100! 0.116! 0.107! 0.034! 0.147! 0.140! 0.025! 0.043!
Tb 0.034! 0.951! 0.016! 0.021! 0.015! 0.006! 0.028! 0.028! 0.003! 0.011!
Dy 0.226! 6.923! 0.128! 0.178! 0.078! 0.039! 0.155! 0.176! 0.018! 0.080!
Ho 0.053! 1.575! 0.025! 0.034! 0.014! 0.010! 0.041! 0.038! 0.004! 0.017!
Er 0.171! 4.703! 0.072! 0.097! 0.047! 0.028! 0.090! 0.107! 0.014! 0.049!
Tm 0.029! 0.794! 0.013! 0.018! 0.008! 0.005! 0.017! 0.019! 0.002! 0.009!
Yb 0.221! 4.878! 0.069! 0.101! 0.056! 0.032! 0.108! 0.106! 0.025! 0.062!
Lu 0.030! 0.617! 0.014! 0.021! 0.012! 0.007! 0.021! 0.017! 0.004! 0.013!
Pb 0.059! 0.180! 0.141! 0.136! 0.150! 0.130! 0.787! 0.155! 0.029! 0.151!
! 92!
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Table D10: Siderite LA-ICP-MS data 
! ! ! ! ! !Sample R24! R24! R24! R24! R24! R25! R25! R25! R25! R25!
Point sd13! sd14! sd15! sd16! sd17! sd25! sd27! sd29! sd31! sd32!
Na 48! 212! 9! 79! 39! 38! 124! 102! 143! 26!
Mg 17622! 17313! 18419! 17640! 17742! 17347! 17707! 16647! 17062! 17132!
Si 97! <39.6673! 83! 111! 117! 120! 109! 103! 131! 63!
P 23! 40! 27! 23! 22! 24! 21! 19! 27! 22!
Ca 1857! 2574! 1474! 1855! 2023! 2204! 2413! 1321! 3150! 2235!
Sc 0.34! 0.31! 0.17! 0.71! 0.21! 0.27! 0.12! 0.18! 0.19! 0.16!
Mn 38125! 37339! 36245! 38758! 37907! 35284! 33395! 34772! 35760! 37836!
Fe 404975! 403619! 416182! 403346! 406973! 413649! 411022! 415520! 410344! 407321!
Sr 8! 7! 1! 10! 6! 1! 6! 3! 5! 4!
Y 0.449! 0.395! 0.034! 0.866! 0.261! 0.271! 0.460! 0.115! 0.459! 0.474!
Ba 8.1! 10.5! 1.5! 11.2! 8.4! 0.7! 5.4! 4.6! 5.4! 3.1!
La 0.271! 0.143! 0.010! 0.237! 0.058! 0.018! 0.085! 0.021! 0.073! 0.059!
Ce 0.575! 0.308! 0.014! 0.579! 0.135! 0.041! 0.196! 0.047! 0.179! 0.152!
Pr 0.073! 0.054! 0.002! 0.065! 0.016! 0.009! 0.027! 0.007! 0.021! 0.017!
Nd 0.276! 0.123! <0.006! 0.309! 0.083! 0.064! 0.149! 0.032! 0.110! 0.096!
Sm 0.045! 0.037! 0.016! 0.066! 0.036! 0.020! 0.050! 0.018! 0.054! 0.035!
Eu 0.028! 0.021! <0.001! 0.043! 0.018! 0.014! 0.028! 0.007! 0.028! 0.022!
Gd 0.043! 0.045! <0.006! 0.097! 0.029! 0.027! 0.079! 0.032! 0.050! 0.077!
Tb 0.012! 0.010! 0.001! 0.022! 0.006! 0.087! 0.018! 0.004! 0.013! 0.016!
Dy 0.071! 0.067! 0.005! 0.125! 0.047! 0.053! 0.112! 0.025! 0.079! 0.100!
Ho 0.019! 0.013! 0.002! 0.028! 0.010! 0.013! 0.021! 0.006! 0.020! 0.024!
Er 0.060! 0.046! 0.006! 0.081! 0.028! 0.045! 0.054! 0.014! 0.054! 0.066!
Tm 0.008! 0.009! <0.001! 0.017! 0.007! 0.010! 0.008! 0.004! 0.009! 0.009!
Yb 0.079! 0.079! 0.022! 0.114! 0.044! 0.123! 0.049! 0.021! 0.069! 0.065!
Lu 0.012! 0.010! 0.004! 0.017! 0.009! 0.024! 0.008! 0.003! 0.011! 0.011!
Pb 0.215! 0.149! 0.047! 0.173! 0.175! 0.098! 0.210! 0.075! 0.055! 0.141!!!
Table D11: Siderite LA-ICP-MS data 
! ! ! ! ! !Sample R25! R25! R25! R29! U15! U15! U15! U15! U15! U15!
Point sd33! sd34! sd35! sd19! sd62! sd63! sd64! sd65! sd67! sd69!
Na 150! 129! 137! 228! 150! 2! 27! 4! 16! 42!
Mg 17378! 16892! 17323! 18960! 18979! 21119! 20463! 5652! 12435! 10822!
Si 60! 100! 50! 65! 53! 109! 85! 127! 70! 117!
P 17! 19! 22! 35! 19! 29! 19! 28! 18! 21!
Ca 1832! 1247! 1772! 3792! 2665! 1349! 1150! 513! 1122! 853!
Sc 0.26! 0.30! 0.32! 1.20! 0.14! 0.21! 0.29! 1.67! 0.88! 1.38!
Mn 34793! 35382! 37840! 28357! 35457! 32181! 31194! 34334! 31243! 32905!
Fe 413844! 405767! 408211! 416513! 439311! 423073! 404735! 445938! 427348! 440322!
Sr 4! 5! 6! 37! 1! 1! 3! 2! 9! 3!
Y 0.418! 0.333! 0.581! 2.615! 0.188! 0.033! 0.110! 0.075! 0.313! 0.234!
Ba 2.6! 5.4! 2.9! 10.8! 1.3! 0.4! 1.7! 1.0! 2.9! 1.8!
La 0.066! 0.123! 0.105! 0.329! 0.030! 0.002! 0.010! 0.008! 0.024! 0.038!
Ce 0.151! 0.246! 0.247! 0.848! 0.077! 0.005! 0.043! 0.023! 0.285! 0.095!
Pr 0.020! 0.042! 0.036! 0.122! 0.009! <0.001! 0.012! 0.007! 0.016! 0.013!
Nd 0.093! 0.196! 0.182! 0.363! 0.027! <0.014! 0.027! <0.018! 0.026! 0.077!
Sm 0.046! 0.074! 0.087! 0.199! 0.013! 0.018! 0.047! <0.013! 0.013! 0.022!
Eu 0.029! 0.034! 0.046! 0.099! 0.008! 0.002! 0.005! 0.008! 0.012! 0.008!
Gd 0.067! 0.084! 0.114! 0.282! 0.020! <0.008! <0.008! 0.007! 0.023! 0.024!
Tb 0.012! 0.015! 0.019! 0.067! 0.004! <0.001! 0.003! 0.003! 0.008! 0.004!
Dy 0.079! 0.078! 0.135! 0.512! 0.028! <0.009! 0.019! 0.059! 0.045! 0.030!
Ho 0.018! 0.013! 0.027! 0.128! 0.011! 0.001! 0.004! 0.005! 0.013! 0.006!
Er 0.038! 0.028! 0.071! 0.334! 0.020! 0.008! 0.020! 0.011! 0.036! 0.025!
Tm 0.004! 0.006! 0.008! 0.037! 0.004! 0.003! 0.005! <0.0017! 0.007! 0.007!
Yb 0.035! 0.040! 0.052! 0.202! 0.051! 0.024! 0.037! 0.027! 0.069! 0.058!
Lu 0.005! 0.008! 0.009! 0.026! 0.010! 0.004! 0.008! 0.006! 0.012! 0.009!
Pb 0.117! 0.119! 0.138! 0.359! 0.086! 0.035! 0.177! 0.113! 0.206! 0.107!
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Table D12: Siderite LA-ICP-MS data 
! ! ! !Sample U15! U15! U15! U15! U18! U18! U18! U18!
Point sd72! sd73! sd74! sd75! sd45! sd46! sd47! sd54!
Na 20! 9! 212! 114! 24! 9! 29! 3!
Mg 18289! 17137! 6016! 5803! 19761! 20946! 20685! 19979!
Si 86! 97! 69! 53! 114! 86! 84! 72!
P 18! 17! 24! 15! 22! 25! 20! 16!
Ca 916! 717! 6140! 7325! 827! 2316! 2118! 1064!
Sc 1.25! 0.09! 0.41! 0.47! 0.43! 0.13! 0.22! 0.31!
Mn 31868! 31162! 9053! 7013! 32590! 27388! 34666! 29098!
Fe 423562! 409560! 451123! 450198! 409643! 413016! 405888! 402671!
Sr 7! 2! 39! 43! 0! 0! 1! 1!
Y 0.169! 0.019! 5.520! 6.850! 0.117! 0.039! 0.110! 0.101!
Ba 1.7! 0.8! 3.7! 3.6! 0.1! 0.4! 0.8! 0.4!
La 0.025! <0.001! 0.224! 0.230! 0.008! 0.003! 0.006! 0.008!
Ce 0.068! 0.002! 0.679! 0.699! 0.016! 0.007! 0.008! 0.021!
Pr 0.009! <0.001! 0.090! 0.088! 0.002! <0.001! 0.001! 0.004!
Nd 0.058! <0.020! 0.339! 0.373! <0.016! <0.012! <0.011! 0.013!
Sm 0.013! <0.008! 0.193! 0.165! 0.004! <0.002! 0.003! 0.004!
Eu 0.009! <0.002! 0.082! 0.104! 0.003! <0.001! <0.002! 0.001!
Gd 0.027! <0.007! 0.297! 0.293! <0.007! 0.008! <0.009! 0.004!
Tb 0.003! <0.001! 0.101! 0.125! 0.003! <0.001! 0.001! <0.001!
Dy 0.024! <0.007! 1.036! 1.253! 0.015! <0.006! 0.012! 0.010!
Ho 0.008! 0.001! 0.381! 0.413! 0.004! 0.001! 0.004! 0.003!
Er 0.019! <0.003! 1.105! 1.357! 0.024! 0.005! 0.019! 0.024!
Tm 0.005! <0.001! 0.176! 0.207! 0.009! <0.001! 0.008! 0.009!
Yb 0.028! <0.007! 0.983! 1.218! 0.057! 0.010! 0.089! 0.135!
Lu 0.006! <0.001! 0.139! 0.167! 0.012! 0.003! 0.017! 0.028!
Pb 0.180! 0.180! 0.227! 0.233! 0.008! 0.019! 0.013! 0.009!!!
Table D13: Siderite LA-ICP-MS data 
! ! ! ! ! ! !Sample R25! R25! R25! R25! R25! R25! R25! U18! U18! U18! U18!
Point sd20! sd21! sd22! sd24! sd26! sd28! sd30! sd43! sd50! sd51! sd53!
Na 34! 70! 17! 28! 17! 48! 77! 164! 2! 1! 31!
Mg 17711! 16797! 16273! 16987! 16799! 17988! 17221! 22341! 19701! 21662! 20369!
Si 154! 120! 84! 96! 66! 103! 56! 112! 77! 64! 90!
P 39! 22! 21! 24! 26! 20! 26! 18! 19! 20! 16!
Ca 1960! 872! 1249! 1690! 1537! 1643! 1498! 2592! 1805! 1192! 1312!
Sc 0.28! 0.31! 0.63! 0.15! 0.21! 0.16! 0.43! 0.16! 0.14! 0.23! 0.43!
Mn 37149! 37028! 35784! 39223! 36224! 35482! 36453! 27139! 31673! 30302! 33410!
Fe 423551! 412201! 398306! 407049! 413796! 417240! 414601! 408920! 399924! 405203! 398528!
Sr 1! 3! 1! 1! 1! 3! 2! 2! 0! 0! 0!
Y 0.215! 0.531! 0.159! 0.031! 0.093! 0.114! 0.174! 0.093! 0.018! 0.030! 0.165!
Ba 2.0! 2.4! 0.9! 1.7! 1.3! 2.9! 1.5! 0.7! 0.4! <0.010! 0.1!
La 0.007! 0.076! 0.012! 0.002! 0.014! 0.023! 0.025! 0.011! 0.002! 0.002! 0.003!
Ce 0.019! 0.186! 0.037! 0.006! 0.029! 0.062! 0.049! 0.012! 0.004! <0.0004! 0.005!
Pr 0.003! 0.027! 0.006! 0.001! 0.004! 0.007! 0.008! 0.004! <0.001! 0.002! 0.002!
Nd 0.019! 0.119! 0.013! 0.018! 0.026! 0.072! 0.033! 0.026! <0.005! <0.018! <0.006!
Sm 0.009! 0.044! 0.010! <0.003! 0.006! 0.017! 0.013! 0.009! <0.006! <0.006! <0.007!
Eu 0.014! 0.023! 0.004! <0.001! 0.006! 0.012! 0.009! 0.013! <0.001! <0.001! <0.002!
Gd 0.031! 0.100! 0.017! <0.004! 0.021! 0.015! 0.031! <0.010! <0.003! <0.005! <0.008!
Tb 0.005! 0.017! 0.002! 0.001! 0.003! 0.006! 0.004! 0.004! <0.001! <0.001! <0.001!
Dy 0.032! 0.126! 0.025! 0.002! 0.013! 0.031! 0.028! 0.021! <0.006! <0.005! 0.011!
Ho 0.010! 0.021! 0.007! 0.001! 0.006! 0.006! 0.008! 0.005! <0.001! <0.001! 0.005!
Er 0.030! 0.050! 0.030! 0.006! 0.019! 0.017! 0.024! 0.013! <0.003! 0.010! 0.028!
Tm 0.009! 0.009! 0.007! 0.002! 0.004! 0.006! 0.009! 0.003! <0.001! 0.003! 0.011!
Yb 0.051! 0.043! 0.062! 0.013! 0.031! 0.038! 0.064! 0.031! 0.010! 0.050! 0.126!
Lu 0.011! 0.008! 0.013! 0.004! 0.008! 0.007! 0.013! 0.006! 0.002! 0.010! 0.026!
Pb 0.083! 0.125! 0.047! 0.089! 0.094! 0.120! 0.044! 0.032! 0.008! <0.003! 0.009!
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Table D13 (continued) 
! ! ! ! ! ! ! ! !Sample R25! R25! R25! R25! R25! R25! R25! U18! U18! U18! U18!
Point sd20! sd21! sd22! sd24! sd26! sd28! sd30! sd43! sd50! sd51! sd53!
V 0.71! 1.08! 0.75! 0.74! 0.40! 1.06! 0.90! 0.33! 0.33! 0.93! 0.89!
Co 14.451! 12.753! 13.981! 14.030! 13.981! 15.319! 14.596! 15.274! 13.662! 13.466! 14.251!
Ni 0.325! 0.272! <0.165! 0.353! 0.360! 0.352! 0.462! <0.129! 0.284! 0.141! 0.271!
Cu 0.012! <0.017! 0.035! 0.021! 0.020! 0.018! <0.016! 0.024! 0.039! 0.018! <0.011!
Zn 393! 318! 381! 396! 356! 478! 367! 437! 322! 320! 339!
Nb 0.035! 0.020! 0.039! 0.023! 0.072! 0.025! 0.093! <0.01! 0.019! 0.011! 0.021!
Ag 0.027! 0.022! <0.013! 0.025! <0.015! <0.012! <0.013! 0.032! <0.013! <0.009! <0.012!
Cd 0.267! 0.313! 0.483! 0.465! 0.273! 0.470! 0.419! 1.237! 0.376! 0.714! 0.491!
Sb 0.157! <0.037! <0.029! <0.033! <0.032! <0.028! <0.030! <0.02! <0.029! <0.025! <0.025!
Ta 0.003! 0.007! <0.003! 0.006! <0.002! 0.004! 0.006! <0.001! <0.001! <0.001! <0.001!
Th 0.014! 0.006! 0.012! 0.011! 0.004! 0.065! 0.011! 0.011! <0.002! <0.001! 0.003!
U 0.011! 0.008! 0.006! 0.005! 0.411! <0.002! 0.004! 0.008! 0.005! 0.011! 0.005!!!!
Table D14: Ankerite-dolomite-kutnohorita LA-ICP-MS data 
! ! ! !Sample R6! R6! R6! R6! R6! R13! R13! R24! R24! R25!
Point ank20! ank23! ank24! ank27! ank28! ank13! ank15! dol1! dol6! ank5!
Na 160! 194! 145! 202! 169! 147! 88! 120! 196! 172!
Mg 21353! 30103! 22225! 17983! 16808! 32741! 31765! 39042! 60000! 16558!
Si <43! 73! 78! 62! 75! 45! <30! 47! <170! <55!
P 71! 25! 27! 38! 24! 35! 23! 16! 19! 21!
Ca 197807! 197688! 198638! 200424! 199205! 215426! 210771! 179549! 187345! 198293!
Sc 3.75! 3.16! 2.98! 4.00! 3.65! 1.96! 1.88! 4.09! 2.55! 1.89!
Mn 16766! 44741! 31367! 19654! 17892! 16383! 16473! 65826! 58402! 25696!
Fe 201969! 161014! 175692! 209657! 208956! 177492! 173948! 87518! 60265! 177071!
Sr 3014! 2533! 2318! 2533! 2567! 3916! 3865! 8563! 15293! 2520!
Y 57.115! 30.200! 37.845! 44.756! 38.521! 134.618! 116.697! 67.062! 51.691! 49.610!
Ba 205.7! 62.1! 120.4! 135.7! 77.1! 53.2! 46.8! 185.8! 72.0! 104.4!
La 3.660! 1.216! 1.326! 2.125! 1.864! 7.517! 7.787! 11.288! 9.115! 6.076!
Ce 14.220! 5.110! 6.197! 8.987! 7.906! 23.208! 22.776! 38.493! 35.044! 12.370!
Pr 2.529! 1.066! 1.312! 1.744! 1.486! 3.745! 3.629! 6.477! 6.186! 1.748!
Nd 12.701! 5.755! 7.834! 9.608! 7.987! 18.675! 17.477! 33.204! 32.113! 8.972!
Sm 6.417! 3.521! 5.341! 5.013! 4.398! 9.513! 8.573! 13.829! 13.590! 3.889!
Eu 3.276! 1.932! 3.009! 2.927! 2.508! 5.652! 5.011! 6.850! 7.097! 1.939!
Gd 9.372! 5.263! 8.126! 7.927! 6.722! 15.117! 13.370! 18.282! 18.319! 5.902!
Tb 2.182! 1.259! 1.882! 1.978! 1.720! 4.100! 3.551! 3.275! 3.140! 1.327!
Dy 14.171! 8.089! 11.142! 12.406! 10.885! 29.855! 25.786! 17.339! 15.067! 10.367!
Ho 2.762! 1.580! 2.016! 2.411! 2.162! 6.655! 5.772! 3.079! 2.541! 2.366!
Er 6.503! 3.854! 4.343! 5.703! 5.130! 18.017! 15.174! 7.115! 5.123! 6.645!
Tm 0.840! 0.551! 0.551! 0.782! 0.721! 2.553! 2.166! 0.925! 0.532! 0.754!
Yb 5.006! 3.453! 3.061! 4.626! 4.343! 13.285! 11.395! 5.710! 3.098! 3.698!
Lu 0.611! 0.436! 0.386! 0.585! 0.567! 1.413! 1.225! 0.844! 0.459! 0.385!
Pb 7.121! 8.690! 7.752! 10.604! 11.355! 38.006! 35.872! 2.437! 4.041! 34.466!!!!!!!!!!!!
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Table D15: Ankerite-dolomite-kutnohorite LA-ICP-MS data 
! ! ! !Sample U15! U15! U15! U15! U15! U15! U15! U15! U15! U15!
Point ank31! ank33! ank34! ank35! ank36! ank37! ank38! ank39! ank40! ank42!
Na 149! 224! 282! 131! 115! 108! 81! 272! 188! 269!
Mg 27672! 68167! 70107! 30822! 38989! 78783! 50590! 70450! 69077! 59373!
Si 88! 64! 61! 43! 64! 76! 70! 82! 54! <29!
P 20! 23! 20! 21! 23! 22! 22! 23! 21! 17!
Ca 198611! 228156! 218368! 201667! 198226! 220202! 207562! 228163! 215759! 202999!
Sc 2.92! 6.25! 4.60! 8.73! 4.18! 3.69! 3.07! 4.29! 4.68! 4.83!
Mn 29708! 8515! 8754! 21860! 47393! 10225! 73048! 11801! 9259! 7569!
Fe 160619! 100212! 99999! 183180! 145096! 100728! 106285! 129914! 103249! 85389!
Sr 3164! 2972! 2914! 2419! 6434! 3900! 13502! 3542! 2485! 2156!
Y 51.787! 188.419! 149.396! 34.296! 71.699! 137.180! 97.488! 125.734! 113.460! 155.699!
Ba 61.5! 68.1! 75.6! 17.2! 163.7! 54.5! 331.8! 90.6! 77.7! 107.4!
La 6.146! 18.190! 16.591! 2.680! 8.167! 21.713! 10.265! 17.718! 14.438! 13.045!
Ce 15.521! 46.232! 40.022! 6.093! 23.232! 52.060! 32.037! 42.962! 34.412! 34.262!
Pr 2.281! 6.860! 5.864! 0.767! 3.567! 7.283! 5.262! 6.080! 4.988! 5.333!
Nd 11.137! 35.255! 28.958! 3.142! 17.015! 34.615! 26.094! 29.120! 24.182! 27.666!
Sm 4.931! 18.483! 14.728! 1.144! 6.198! 16.097! 11.160! 13.582! 11.827! 14.822!
Eu 2.724! 10.182! 7.915! 0.600! 3.198! 8.217! 5.774! 7.088! 6.345! 8.076!
Gd 7.411! 30.782! 23.986! 1.646! 8.611! 23.960! 15.590! 20.635! 18.502! 24.102!
Tb 1.552! 6.181! 4.787! 0.600! 1.920! 4.562! 3.204! 4.084! 3.583! 4.811!
Dy 10.450! 39.019! 29.626! 6.210! 13.570! 27.317! 20.721! 25.223! 21.846! 30.010!
Ho 2.308! 7.773! 6.035! 1.751! 3.074! 5.350! 4.208! 5.082! 4.373! 5.987!
Er 5.880! 17.812! 13.932! 4.901! 7.677! 12.136! 9.535! 11.946! 10.138! 13.774!
Tm 0.831! 2.222! 1.724! 0.697! 1.007! 1.495! 1.138! 1.531! 1.307! 1.738!
Yb 4.569! 11.977! 9.074! 3.780! 5.578! 7.654! 5.843! 8.118! 6.769! 9.345!
Lu 0.615! 1.604! 1.255! 0.483! 0.740! 1.020! 0.769! 1.080! 0.940! 1.265!
Pb 6.574! 1.344! 1.312! 8.670! 8.410! 1.328! 11.557! 2.803! 1.126! 1.226!!!
Table D16: Ankerite-dolomite-kutnohorite LA-ICP-MS data 
Sample U15! U15! U18! U18! U18!
Point ank43! ank44! ank16! ank17! ank19!
Na 377! 156! 85! 187! 168!
Mg 58003! 19178! 33860! 27410! 30912!
Si 37! <30.4796! 37! 72! 88!
P 22! 30! 21! 31! 22!
Ca 202255! 197385! 199274! 193455! 196481!
Sc 5.67! 4.55! 1.02! 0.99! 0.96!
Mn 9470! 30027! 30856! 28135! 55146!
Fe 118011! 196207! 158959! 175133! 146952!
Sr 2226! 2345! 4701! 3823! 4525!
Y 121.987! 42.023! 71.049! 69.836! 70.279!
Ba 95.5! 11.8! 50.8! 58.7! 46.0!
La 12.851! 1.897! 4.826! 7.158! 5.397!
Ce 32.283! 4.520! 9.651! 14.379! 11.300!
Pr 4.893! 0.611! 1.186! 1.668! 1.496!
Nd 24.252! 2.644! 4.539! 6.551! 6.316!
Sm 11.936! 1.194! 1.344! 2.083! 2.390!
Eu 6.259! 0.638! 0.683! 1.068! 1.338!
Gd 18.292! 2.013! 2.160! 3.057! 4.059!
Tb 3.625! 0.678! 0.807! 0.967! 1.178!
Dy 22.755! 6.617! 9.101! 9.959! 11.310!
Ho 4.714! 1.915! 2.911! 2.986! 3.201!
Er 11.311! 6.298! 10.054! 9.778! 9.870!
Tm 1.468! 1.011! 1.422! 1.385! 1.324!
Yb 8.091! 5.963! 6.929! 6.749! 6.497!
Lu 1.100! 0.815! 0.760! 0.710! 0.677!
Pb 3.189! 9.438! 8.870! 10.189! 8.529!!
!!!!!!!!!!!!!!!!!!!!!!!
APPENDIX(E(Magnetite!LA+ICP+MS!data!!!!!!!!!!!!!!!!!!!!!!!!!
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Table E1: Magnetite LA-ICP-MS data !! !! !! !! ! 
Sample U4 U4 U4 U4 U4 U4 U4 U4 U4 U3 
Point mag8 mag9 mag10 mag11 mag13 mag14 mag15 mag16 mag19 mag21 
Mg 330 174 524 160 425 1118 21 28 48 15132 
Al 14 444 201 199 146 131 1764 283 5820 70 
Si 339 341 289 319 309 206 406 505 530 322 
P 40 40 38 44 41 31 35 <54 43 28 
Ca <24 156 <36 <38 <46 <51 <91 <178 <76 <30 
Sc 1.53 2.06 2.10 2.05 2.11 1.87 2.32 2.39 1.91 3.19 
Ti 1.5 26.4 3.6 7.5 2.3 2.6 58.5 2.7 54.5 11.5 
V 0.9 5.3 1.2 1.5 1.5 1.0 8.2 1.3 12.1 2.8 
Cr 6.04 <2.3 5.86 3.39 5.80 <3 <5.0 21.81 <4.2 7.01 
Mn 6290 4102 4761 3560 3150 5902 317 663 234 36403 
Fe 740187 735873 716475 714026 723629 725944 719031 726512 728143 679063 
Co 19.50 20.36 19.38 19.25 20.91 18.18 23.11 15.63 16.98 6.89 
Ni <0.7 1.14 <1.36 1.30 <1.94 <3.37 <2.85 <5.51 <3.0 <0.69 
Cu 0.06 0.10 <0.04 0.08 0.12 <0.08 0.15 <0.3 <0.1 <0.04 
Zn 966 1143 489 607 814 786 2077 129 3958 2312 
Ga 1.45 2.25 2.21 1.86 1.99 1.67 5.14 3.31 12.18 0.16 
Zr 7.72 25.83 24.17 24.09 21.50 22.29 41.17 37.74 25.39 2.11 
Nb 235.53 650.99 433.31 576.16 328.12 429.31 1132.64 807.30 999.16 35.45 
Hf 0.029 0.150 0.062 0.116 0.072 0.074 0.331 <0.19 0.139 0.054 
Ta 1.751 3.312 1.500 3.046 1.002 0.616 3.094 1.267 4.831 1.083 
W 0.063 <0.08 <0.06 <0.08 <0.07 <0.09 0.06 <0.257 <0.10 <0.04 
Pb 0.105 0.182 0.175 0.105 0.215 0.175 0.229 <0.23 0.228 0.186 !!
Table E2: Magnetite LA-ICP-MS data !! !! !! !! ! 
Sample U3 U3 U3 U3 U3 U3 U3 U3 U3 U3 
Point mag22 mag23 mag24 mag25 mag26 mag27 mag28 mag29 mag29 mag31 
Mg 11740 13566 13154 14354 13428 17601 14956 13976 13976 5574 
Al 4 5 110 34 14 16 5 72 72 24 
Si 310 360 287 263 223 230 269 272 272 244 
P 34 33 36 21 25 29 25 25 25 18 
Ca <43 28 15 <24 25 <23 62 <26 <26 <22 
Sc 2.21 2.53 4.54 2.59 1.75 2.59 1.89 3.07 3.07 8.31 
Ti 2.2 3.6 17.0 1.9 1.5 8.2 1.3 12.0 12.0 10.0 
V 2.0 2.0 3.6 2.9 2.6 1.9 2.6 3.0 3.0 3.6 
Cr <2.371 4.39 3.81 5.22 2.96 3.90 4.79 4.39 4.39 6.92 
Mn 36019 36537 35696 35841 36748 36600 36571 36957 36957 16318 
Fe 687252 679750 681492 672649 674862 667819 677102 688647 688647 721221 
Co 6.84 7.21 5.30 6.29 9.61 9.84 10.07 9.18 9.18 8.28 
Ni <0.93 <0.76 <0.15 <0.69 <0.87 0.65 <0.68 0.68 0.68 <0.76 
Cu <0.064 <0.037 <0.021 <0.02 <0.03 <0.03 0.06 <0.03 <0.03 <0.02 
Zn 1751 2352 1722 2222 2032 2409 2218 1862 1862 53 
Ga 0.08 0.08 0.14 0.21 0.46 0.12 0.21 0.24 0.24 0.05 
Zr 1.24 1.47 2.21 1.42 0.63 2.21 0.74 2.13 2.13 1.84 
Nb 34.94 34.27 36.38 33.77 39.79 54.70 38.21 46.24 46.24 39.69 
Hf 0.133 <0.03 0.065 0.034 <0.02 0.103 <0.03 0.054 0.054 0.031 
Ta 1.296 0.704 1.059 3.745 0.506 7.175 0.413 3.033 3.033 0.381 
W <0.07 0.18 <0.02 <0.04 <0.04 <0.03 <0.04 <0.06 <0.06 <0.03 
Pb 0.245 0.212 0.166 0.125 0.294 0.135 0.200 0.150 0.150 0.115 
          
 !!!!!
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Table E3: Magnetite LA-ICP-MS data !! !! !! !! !!
Sample U3 U3 U3 U3 U5a U5a U5a U5a U5a U12 
Point mag32 mag33 mag34 mag35 mag58 mag59 mag61 mag92 mag93 mag51 
Mg 5444 4777 4730 6695 4932 7189 4688 2669 491 19 
Al 13 7 23 121 327 513 559 263 1.0 460 
Si 215 294 247 265 2956 3652 3996 1697 195 2147 
P 21 17 15 <18 77 58 50 41 32 30 
Ca <22 31 <22 <44 181 819 236 1714 <34 57 
Sc 6.96 6.10 7.26 14.26 5.70 5.34 3.03 0.51 0.25 0.62 
Ti 7.0 6.4 7.9 44.2 15.0 17.9 13.1 3.6 <0.30 237.7 
V 3.9 3.9 3.7 4.1 27.6 17.0 11.8 1.7 0.3 12.4 
Cr 7.04 10.97 5.57 3.30 <6.30 <3.85 11.21 5.95 2.63 5.68 
Mn 15440 13988 14093 26485 3620 4441 4541 4430 3365 50 
Fe 713744 718500 699613 683739 677722 689890 676484 700705 693919 714314 
Co 8.86 8.44 7.83 2.05 13.34 14.14 14.37 7.16 1.58 9.97 
Ni <0.50 0.50 <0.94 <1.39 <9 <5.19 <3.92 1.84 <1.39 1.85 
Cu <0.03 <0.02 0.20 <0.06 <0.22 <0.16 <0.09 0.53 0.17 0.18 
Zn 146 62 138 1033 324 1251 78 290 65 115 
Ga 0.05 0.05 0.11 0.52 4.10 23.57 11.84 8.00 0.79 19.29 
Zr 1.36 1.22 1.22 3.70 2.69 2.69 1.35 0.08 0.21 3.72 
Nb 35.79 35.22 35.50 39.24 427.9 384.6 199.8 190.0 200.1 261.8 
Hf 0.027 0.014 <0.03 0.409 <0.25 0.158 <0.07 <0.047 <0.051 0.100 
Ta 0.280 0.315 0.307 0.649 <0.08 0.179 0.093 0.014 0.018 1.074 
W <0.02 <0.02 0.56 <0.05 0.51 0.96 0.90 1.336 1.02 3.7 
Pb 0.130 0.136 0.122 35.504 2.177 2.176 2.218 19.659 3.987 15.045 !!
Table E4: Magnetite LA-ICP-MS data !! !! !! !! !!
Sample U12 U12 U12 U12 U12 U12 U12 X4 X4 X4 
Point mag51b mag52 mag52b mag53 mag54 mag55 mag56 mag63 mag64 mag66 
Mg 4 4 5 4 7 650 2 20 53 54 
Al 65 75 62 69 68 115 87 174 240 769 
Si 3302 5200 4541 4162 3624 3382 2039 545 908 <443 
P 38 41 42 34 27 <33 34 40 45 <34 
Ca 26 <39 <37 27 <56 140 <37 <91 202 <170 
Sc <0.039 <0.079 <0.071 <0.04 <0.118 <0.27 <0.07 6.80 6.58 6.50 
Ti 26.7 3.2 3.4 5.7 36.2 18.4 37.7 18.1 29.6 55.3 
V 11.3 12.4 11.8 12.1 12.5 13.0 25.4 15.1 15.2 28.0 
Cr 4.98 26.65 2.52 2.49 3.33 14.42 3.08 8.89 17.67 15.25 
Mn 15 17 13 14 15 1519 15 316 377 637 
Fe 714314 735299 735299 733776 737499 724508 721481 711926 712756 710305 
Co 11.13 11.39 11.50 11.24 10.80 11.88 10.72 28.25 28.36 28.20 
Ni 3.73 3.65 4.64 6.32 <3.27 <6.74 3.16 7.56 7.74 <5.4 
Cu 0.04 <0.04 <0.06 <0.03 0.08 <0.21 0.05 <0.13 <0.13 <0.25 
Zn 86 521 298 275 381 312 422 271 321 1661 
Ga 6.46 10.21 8.32 9.38 10.74 10.30 9.60 3.81 4.03 4.57 
Zr 0.01 <0.01 0.02 0.09 0.06 <0.05 <0.01 12.69 14.51 27.69 
Nb 0.80 0.89 0.65 4.04 23.57 1.95 0.46 404.90 850.05 1360.1 
Hf <0.024 0.023 <0.009 <0.027 <0.063 <0.108 <0.041 <0.127 <0.103 0.844 
Ta 0.015 0.014 0.015 0.041 0.779 0.263 <0.015 0.230 1.567 7.542 
W <0.03 <0.05 0.08 0.08 <0.14 <0.24 <0.06 <0.12 <0.17 <0.36 
Pb 0.053 0.138 0.037 0.191 0.297 0.830 0.055 0.157 0.201 <0.22 !!!!!!
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Table E5: Magnetite LA-ICP-MS data !! !! !! !! !!
Sample X4 X4 X4 X4 X4 X4 X4 X5 X5 X5 
Point mag69 mag70 mag72 mag73 mag78 mag78b mag79 mag95 mag96 mag98 
Mg 53 20 38 42 37 17 15 129 429 283 
Al 14020 9730 5244 7229 2635 2780 2294 194 525 443 
Si 651 627 549 <515 715 699 782 316 3428 758 
P 45 42 37 56 29 32 38 44 49 54 
Ca <90 <86 <178 <210 26 <36 <37 <100 3801 1007 
Sc 6.04 3.88 4.06 1.16 8.08 7.61 6.55 15.37 14.39 17.10 
Ti 118.5 76.5 600.5 441.1 10.0 10.3 13.8 375.1 1351.7 1360.4 
V 53.8 47.2 107.8 72.9 38.9 39.2 44.4 35.6 37.2 50.6 
Cr 16.27 40.88 11.10 43.22 9.45 3.86 10.61 11.23 10.19 12.57 
Mn 111 78 244 107 122 72 79 906 1440 1212 
Fe 676845 676514 683947 667160 682485 682485 683055 718284 721937 729201 
Co 30.83 29.57 23.83 26.22 27.38 26.86 26.74 23.33 22.82 24.07 
Ni 5.82 6.92 6.78 8.44 10.15 9.69 7.57 4.93 6.52 <8.7 
Cu <0.11 <0.11 <0.25 <0.32 <0.03 0.06 <0.05 <0.13 0.71 1.80 
Zn 23433 15467 9139 14264 4152 4512 3867 21 1047 433 
Ga 56.66 46.32 25.23 52.28 9.26 9.83 9.22 4.39 6.01 4.57 
Zr 31.94 22.67 25.83 3.54 12.35 12.70 11.88 54.90 57.81 97.91 
Nb 976 702 1923 638 393 398 447 5908 5387 7897 
Hf 1.229 1.031 2.580 1.179 0.155 0.096 0.069 0.672 1.053 3.018 
Ta 5.270 3.928 46.972 17.844 0.567 0.649 0.465 36.829 47.491 73.923 
W <0.157 <0.168 <0.28 <0.35 0.07 0.10 <0.067 <0.222 <0.230 <0.389 
Pb 0.113 <0.08 0.153 <0.22 0.070 0.077 0.062 0.731 9.048 9.211 !!
Table E6: Magnetite LA-ICP-MS data !! !! !! !! !!
Sample X5 X5 X5 R14 R14 R14 R14 R24 R24 R24 
Point mag107 mag108 mag109 mag111 mag111b mag111c mag112 mag1 mag2 mag3 
Mg 142 246 116 308 1829 4086 1889 279 152 736 
Al 88 108 69 4 9 <2.0 4 92 159 133 
Si <338 613 519 <1196 <1238 <1118 <939 571 477 274 
P 52 50 86 58 52 82 67 50 52 40 
Ca <135 11952 <161 <532 6427 12506 7863 250 495 180 
Sc 17.78 17.75 17.83 <0.84 <0.84 0.76 <0.61 0.45 0.53 1.34 
Ti 2511.6 2239.0 3423.3 <3.6 <3.9 <3.6 <2.6 35.7 169.6 145.6 
V 43.6 43.3 46.5 0.9 <0.6 1.5 1.9 4.8 8.9 4.9 
Cr 14.12 9.78 <6. <21.8 <22.2 <19.9 <17 3.64 9.58 6.30 
Mn 1566 1714 1487 191 2585 3507 3291 1052 230 1221 
Fe 704471 714980 710565 739909 739909 739909 738295 716497 731211 732168 
Co 28.52 26.91 32.34 23.65 22.19 43.50 23.01 5.77 5.35 4.22 
Ni <5.6 <6.1 <6.5 <22 <28.4 <20.4 <10.1 <1.4 <2.4 <3.9 
Cu <0.16 <0.24 0.81 <0.74 <0.82 <0.63 <0.53 0.33 0.39 <0.14 
Zn 167 107 284 10 14 2720 19 25 79 48 
Ga 1.84 4.33 3.99 <0.96 15.17 27.49 8.98 3.99 5.26 3.51 
Zr 143.34 133.17 163.88 <0.17 <0.19 <0.10 <0.07 3.36 5.40 2.17 
Nb 9558.01 8827 11955 <0.20 0.28 1.16 0.21 67.33 805 353 
Hf 3.133 4.525 3.228 <0.618 <0.785 <0.673 <0.281 0.088 0.133 0.074 
Ta 121.9 101.4 144.3 <0.230 <0.203 <0.147 <0.12 0.119 2.519 0.576 
W 0.22 0.26 1.15 <1.25 <1.08 <0.87 <0.7 2.36 4.13 2.15 
Pb 0.145 3.059 35.190 <0.548 <0.643 3.806 1.069 7.701 6.732 14.939 !!!!!!
! 100!
Table E7: Magnetite LA-ICP-MS data !! !! !! !! !!
Sample R24 R24 R24 R24 R24 R24 R24 R24 R24 R24 
Point mag4 mag5 mag114 mag115 mag116 mag117 mag117b mag119 mag121 hem3 
Mg 4510 5189 5 245 553 301 133 4 255 0.6 
Al 41 78 966 406 126 153 144 131 227 51 
Si 673 1570 1034 659 474 629 558 <375 573 275 
P 82 <105 44 55 60 <58 <49 <35.9 78 45 
Ca 1059 646 <64.9 83 <136.3 352 <168 <128 <157 <60 
Sc 0.42 <0.88 0.69 0.83 1.69 <0.45 <0.32 <0.3 0.78 <0.11 
Ti 55.9 26.9 357.7 218.7 124.0 269.0 144.3 263.5 281.2 232.7 
V 5.0 3.9 8.2 6.7 4.4 5.6 4.2 9.1 7.0 4.0 
Cr 9.39 <19.7 47.9 7.39 <5.9 <9.5 <7.4 11.10 8.90 <2.7 
Mn 12700 15438 22 520 1326 557 209 11 553 2 
Fe 750985 736653 705990 708592 725348 741941 741941 703475 734686 706042 
Co 13.26 9.63 0.49 2.49 5.13 7.22 6.92 0.23 1.37 0.10 
Ni <1.0 <18 <1.9 <2.0 <5.1 <2.4 <2.2 <5.8 <5.9 <1.9 
Cu 0.12 <0.66 <0.09 0.17 <0.21 <0.29 0.31 <0.20 <0.21 <0.10 
Zn 695 272 35 36 48 307 231 6 51 2 
Ga 2.85 8.22 7.35 6.33 <1.76 4.93 3.45 3.23 3.34 2.40 
Zr 15.50 3.40 11.09 6.59 2.49 8.09 6.81 4.40 5.24 6.38 
Nb 56.8 5.26 834 2373 408 853 206 402 555 345 
Hf 0.819 <0.53 0.201 0.277 <0.208 <0.273 <0.182 0.136 0.121 0.208 
Ta 0.054 <0.14 3.056 3.281 0.644 4.079 1.263 1.189 1.733 2.347 
W 2.29 <0.71 9.53 2.25 2.33 3.21 8.85 1.22 1.05 0.58 
Pb 0.393 1.268 42.23 26.94 8.98 8.709 7.001 4.884 11.212 1.239 !!
Table E8: Magnetite LA-ICP-MS data !! !! !! !! !!
Sample R24 R24 R24 R22b R22b R22b R22b R22b R22b R22b 
Point hem5 hem6 hem7 mag36 mag37 mag38 mag39 mag40 mag41 mag43 
Mg 261 255 139 326 898 469 256 177 630 150 
Al 180 308 113 12938 12299 12143 11501 10782 10956 7787 
Si 326 405 355 1174 2650 1266 721 948 989 782 
P 47 49 47 40 47 33 <30 51 43 29 
Ca <68 287 <116 229 793 <49 <115 138 40 <51 
Sc 1.76 0.92 1.06 2.36 2.63 2.42 1.70 1.84 3.62 1.30 
Ti 361 591 114 1008.7 715.1 904.3 6726 5819 322 9272 
V 7.2 9.8 5.0 58.0 50.1 50.6 149.3 136.4 39.3 189.4 
Cr <3.1 10.2 13.3 <8.1 15.6 6.2 19.8 11.2 12.4 80.5 
Mn 494 414 267 5272 5505 4738 8703 8623 5612 11205 
Fe 724452 711640 686300 687977 705020 693837 691151 703943 698224 688329 
Co 1.21 0.97 1.32 44.10 41.40 41.55 44.82 35.30 33.00 29.02 
Ni <2.55 <7.19 <3.33 13.50 17.34 16.95 15.80 13.67 19.31 17.82 
Cu <0.10 <0.21 <0.15 0.75 0.48 0.09 <0.19 1.89 0.14 0.12 
Zn 38 29 32 6300 3470 5151 5641 7367 3346 4430 
Ga 3.04 4.36 2.45 38.73 35.76 35.41 37.90 32.34 26.51 30.50 
Zr 5.05 6.82 6.69 80.38 84.13 70.64 89.88 83.56 33.74 82.34 
Nb 656 1570 336 1859 2336 2201 1431 1462 2594 1361 
Hf 0.131 0.245 <0.153 0.809 0.735 0.668 2.022 2.118 0.437 2.217 
Ta 5.55 6.54 1.50 6.91 7.31 6.12 22.78 20.33 3.82 29.46 
W 2.31 6.30 0.38 <0.24 <0.06 <0.09 <0.29 <0.18 <0.05 <0.080 
Pb 14.380 17.642 4.417 0.608 0.368 0.190 <0.13 0.263 0.191 <0.06 
           !!!!!!
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Table E9: Magnetite and pyrite LA-ICP-MS data !! !! !! !! !!
Sample R22b R22b R22b R22b R22b U5a! U5a! U5a! U5a! U5a!
Point mag44 mag45 mag46 mag47 mag49 py1a! py2a! py3a! py4a! py5a!
Mg 1055 472 586 517 402 4.0 131.7 6.3 8.2 80.4 
Al 10302 9817 11385 9741 6812 1.4 2.2 1.2 <0.07 2.7 
Si 1714 711 726 603 624 140 565 169 98 394 
P 43 47 34 41 34 18.5 17.4 23.5 14.3 16.9 
Ca 41 <46 27 <45 <25 18.2 26.0 30.8 31.5 <18 
Sc 2.17 1.95 1.87 2.28 2.32 <0.019 <0.016 <0.016 <0.030 <0.031 
Ti 10907.3 3688.7 4356.3 1725.9 968.8 0.8 7.5 1.8 2.0 7.0 
V 226.3 103.0 136.0 79.0 52.7 <0.015 0.2 0.0 <0.025 0.1 
Cr 22.89 31.20 41.88 16.69 7.47 1.4 0.9 1.1 <0.72 0.9 
Mn 12019 6103 6746 4009 3772 2.5 242.7 37.8 7.9 5.6 
Fe 667537 708771 688502 705856 690633 465511 465511 465511 465511 465511 
Co 38.26 33.75 36.09 35.26 29.76 400 8.6 3.0 46.7 3.9 
Ni 17.78 16.54 18.07 16.99 15.60 17.4 0.5 12.7 10.9 <0.63 
Cu 0.30 0.38 0.20 0.25 0.49 0.315 2.861 1.532 1.656 1.626 
Zn 4475 4526 4217 3638 2778 2.549 0.769 2.873 0.413 1.168 
Ga 37.60 37.77 41.81 42.41 34.01 0.064 0.871 0.249 1.160 0.464 
Zr 112.36 104.99 87.61 106.80 107.11 0.028 0.006 0.051 0.008 0.009 
Nb 1392.15 1438.47 1410.71 1439.05 1728.94 0.200 5.346 32.018 0.121 4.358 
Hf 3.317 1.939 1.369 1.316 0.954 <0.018 <0.012 0.009 <0.023 <0.022 
Ta 37.477 9.811 22.043 6.269 4.900 <0.005 0.004 <0.004 0.009 <0.007 
W <0.047 <0.053 0.039 <0.071 0.054 0.084 0.099 0.479 0.073 0.060 
Pb 0.411 0.097 0.087 0.121 0.461 14.6 115.1 105.9 96.6 311.1 
a!Pyrite data quantified assuming stoichiometric Fe. The analyzed pyrite has been peripherally oxidized to magnetite. 
